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AUTHOR’S PREFACE 


As is indicated on the title page, this book is intended for use 
as a textbook. In other words, it is the author’s purpose to offer 
a main line of orientation to students who wish to become ac- 
quainted with the general trend of Colloid Chemistry or who desire 
to undertake research in this particular branch of Chemistry. 

The limitations imposed by this purpose will be apparent in 
the general plan of the work and in the degree of completeness 
with which the subject is treated. 

In the first place, the author, believing that the choice of a 
general plan of attack is a matter of personal preference, has 
deliberately chosen the methods of Physical Chemistry to outline 
the path along which the study of colloids should be pursued. On 
several occasions his personal opinion has been brought to the 
fore. This will be particularly noticeable in the treatment of 
lyophile colloids. It may be stated that in a textbook the sub- 
jective method of approach is not undesirable. In fact, it is of 
prime importance for a student to develop a trend of thought; 
whenever he is confronted with a definite line of reasoning, this 
trend will be an incentive either to adopt the new concept or to 
reject it; hence, a subjective treatment is conducive to independ- 
ent study. As J. S. Hatpane has said, ‘‘the whole business of 
a university teacher is to induce people to think.” 

In the second place, a textbook cannot treat the subject matter 
exhaustively. Comprehensive works on Colloid Chemistry are, 
moreover, available, and it would be wholly superfluous to try to 
improve on an excellent volume like FRrunpuiIcnu’s “ Kapillar- 
chemie.” The reason for the existence of a textbook lies in its 
limitation. This is true not only with respect to the number of 
subjects dealt with, but also with respect to the treatment of each 
separate subject. Completeness has nowhere been the aim, but 
the arguinents are constantly advanced. 
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The author has tried to treat the subject matter as simply as 
possible. In many instances, therefore, he has first presented a 
preliminary, elementary discussion of some particular problem. 
In such cases the arguments used are necessarily incomplete, but 
the main idea is fixed in the mind of the reader. In subsequent 
sections or chapters the solution of the problem is outlined more 
rigorously, or a previous proof is supplemented., For instance, 
the fundamental fact of the charge on colloids is introduced as 
the direct outcome of cataphoretic experiments. The resulting 
colloid-chemical inferences immediately attract the reader’s 
attention. The next chapter describes how the capillary electrical 
phenomena determine the potential of the double layer, regardless 
of the manner in which the latter is formed. The constitution of 
the double layer is then made a subject of discussion in the suc- 
ceeding chapter. 

To simplify the problems presented, elementary considerations 
have been employed, wherever possible. In speaking of the elec- 
tric double layer, there can be no doubt that the theory of Gouy 
is more satisfactory than the one proposed by H&rLMHOLTz; 
however, since the former is as yet far from complete in a good 
many points, it is advisable in a number of cases to use the much 
simpler representation of Hetmuoutz. This scheme has been 
followed repeatedly, and a different line of reasoning has been 
given only when the subject under discussion required a more 
advanced point of view. Other topics have been treated in the 
same manner. 

The main part of this book was written in 1925. The transla- 
tion has been read and approved by the author and supplemented 
by new data. To Prormssor vAN Kwoostsr, of the Rensselaer 
Polytechnic Institute, Troy, N. Y., who has translated the Dutch 
manuscript, the author is indebted for his painstaking labor in 
rendering the text in English and for the most valuable criticisms 
which he has offered. 

H. R. Kroyr 


Van’t Horr LABoraTory, 
Utrecht, 
Spring, 1926. 
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PART I 


General Introduction 


OOLLOIDS 


a CHAPTER I 
PRELIMINARY CONSIDERATION OF COLLOIDAL 
SYSTEMS 


1. Colloidal systems.—Dispersion. As a result of theoretical 
considerations which originated during the years 1880-90 we have 
at present a clear idea of dilute solutions such as those of glucose 
and barium chloride. The work of van’rt Horr, Raovuut, and 
others, dealing with the measurement of osmotic phenomena, viz., 
osmotic pressure, lowering of the freezing point, elevation of the 
boiling point, etc., enables us to find the molecular weights of 
dissolved substances, while, on the other hand, the researches of 
Hirrorr, KoHLRAUSCH, ARRHENIUS, and Wi. Ostwatp have led 
to a knowledge of the formation of ions in solutions. We cannot 
grasp concepts developed by the above investigators unless we 
assume that the dissolved substance is split up into molecules or 
ions. The measurement of the quantities just mentioned is a 
measure of the chemical molecular weight and allows us to dis- 
criminate between conditions of dissociation and association that 
may exist for any given solute in any given solvent. 

By using another nomenclature, the meaning of which is self- 
explanatory, we might say that glucose is molecularly dispersed in 
the solvent, while barium chloride is zonically dispersed and partly 
molecularly dispersed insofar as the undissociated molecules are 
concerned. , 

Whether the dissolved molecules and ions are present as such 
in the solution or combine with a number of solvent molecules 
(hydration or solvation) is a question that has been much discussed. 
Up to the present time it has not been answered satisfactorily 
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although there are numerous indications in favor of a possible 
solvation. 

It is a striking fact that an aqueous solution of glucose or of 
barium chloride is formed at once when either of these substances 
is placed in water and stirred for a few moments. The state of 
molecular dispersion is produced spontaneously; hence the free 
energy of the system water + dry substance is greater than that 
of the molecularly dispersed system. , 

Comparing the so-called colloidal solutions with the two men- 
tioned above, we can make the following observations: If hydrogen 
sulphide is passed into a solution of arsenic trioxide, the latter 
will assume a yellow color and the solution will be found to contain 
an apparently homogeneous subdivision of arsenic trisulphide 
particles, which will be discussed later. If, however, finely 
powdered orpiment is placed in water, no arsenic sulphide will go 
into solution, even after several hours of stirring; it is evident, 
therefore, that the free energy of the system solid arsenic tri- 
sulphide + water is less than that of a homogeneous system. 

The same statement holds for the behavior of a substance such 
as agar-agar. Agar-agar threads do not dissolve spontaneously 
in water, even at 50°. If, however, the temperature is raised to 
about 90°, there is formed an apparently homogeneous system 
which may be cooled to about 40° without any appreciable change 
in its stability. (At a still lower temperature there occurs a 
special process, gel formation, which for the present will not be 
further discussed.) 

These two systems, therefore, are not formed spontaneously 
but can only be obtained in a roundabout way. Curiously enough, 
these colloidal systems do not show any osmotic phenomena. 
Their osmotic pressure, depression of the freezing point, and rise 
of the boiling point, if present at all, differ so little from zero that 
we are not certain whether they have any real meaning or not. 

A comparison of the true solutions of glucose and barium chlo- 
ride with the colloidal solutions of arsenic trisulphide and agar-agar 
leads to the assumption that the latter substances occur in col- 
loidal solutions in a much coarser state of subdivision than the 
former ones, which, as stated before, must be molecularly dis- 
persed. The comparison of these two kinds of solutions will be 
continued in the following paragraphs for the purpose of determin- 
ing whether this supposition can be confirmed. 
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A substance that occurs in true solution can, of course, be 
precipitated, either completely or partially, by means of double 
decomposition with suitable reagents. If, for instance, phenyl- 
hydrazine is added to the solution of glucose, the dissolved sub- 
stance is precipitated in the form of a hydrazone. If a solution of 
MgSO. is added to the solution of BaCle, BaSOxz is precipitated. 
Stoichiometry teaches that in these cases there exists a simple 
ratio between the quantities of the reacting substances. 

On adding magnesium sulphate to the colloidal solution of 
arsenic trisulphide, we find that minute quantities—about one 
millimole per liter—are sufficient to precipitate the arsenic sul- 
phide, while, oh the other hand, for an extremely small quantity 
of dissolved agar-agar, a concentration of about one mole of mag- 
nesium sulphate per liter is required. In neither case is there any 
stoichiometrical relation whatsoever between the reacting sub- 
stances; hence we are dealing with a phenomenon quite different 
from the one in which molecularly dispersed substances are thrown 
out of solution by metathesis. 

Assuming, then, that colloidal solutions are not molecular dis- 
persions of the solute but consist of coarser aggregates, we naturally 
expect that the added magnesium sulphate molecules will react 
only with the outer molecules of the colloidal particles, and hence 
that simple stoichiometric relations will no longer exist between 
the added substance, which is split up into molecules (or ions), 
and the colloidal particles, which participate in the reaction with 
only a part of their molecules. 

Several circumstances, therefore, justify our surmise that col- 
loids differ from true solutions by their coarser subdivision. 
However, the realization of this fact was delayed for years by the 
circumstance that the microscope did not reveal any heterogeneity 
in colloidal solutions and that, furthermore, filter paper, even the 
finest, did not retain any trace of a residue in the filtration of col- 
loidal solutions. 

While colloidal solutions, when viewed under the microscope, 


are apparently homogeneous, to the naked eye they often appear to | 


be turbid when examined at right angles to the path of a beam of 


light. When observed in the path of an incident beam they are — 


perfectly clear. Since in the microscope we look toward the 
source of light, colloids appear transparent. A colloidal system, 
therefore, scatters the light sidewise, while a true solution, as a 
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rule, does not.. When the light that strikes the colloidal solution 
is partly reflected and partly transmitted, the liquid presents a 
turbid appearance. 

The phenomenon of the scattering of light by colloidal solu- 
tions and nebulae is called the TYNDALL effect (see further Chapter 
VIII, Sec. 39). On this phenomenon is based the principle of the 
ultramicroscope, an optical instrument in which the TynDALL light 
is observed microscopically. Experience has shown that this 
TYNDALL light is caused by the scattering‘of the light at the surface 
of the particles dispersed in the liquid. In the ultramicroscope, 
the light scattered by each particle may be observed separately, 
and we are thus able to recognize the presence of separate particles. 
The ultramicroscope confirms the conception developed above 
regarding the difference between true solutions and colloidal 
solutions. The discussion of the ultramicroscope and_ these 
optical phenomena will be deferred to Chapter VIII. 

As to the passing of colloids through filters, mentioned pre- 
viously, the following observation can be made. There is a 
characteristic difference between true and colloidal solutions: 
Substances in true solution normally pass through parchment 
paper, while colloids do not. Grauam observed this fact as early 
as 1861. At the same time he stated that while substances in 
true solution diffuse readily, substances in colloidal solution lack 
that property almost completely. As we shall find later (see 
p. 140), the very low rate of diffusion of substances in colloidal 
solution is closely connected with the fact that they are not as 
finely divided in the solvent as substances in true solution. 

Researches with the ultramicroscope have shown that we can 
divide dissolved substances into three groups, depending on the 
state of subdivision: (1) particles that can be observed under the 
microscope are called microns; (2) particles that can be observed 
only by means of the ultramicroscope are called ultramicrons or 
submicrons; and (3) particles that remain invisible in the latter 
instrument are termed amicrons. The boundaries between these 
three groups cannot be sharply defined, since the visibility of a 
particle does not depend entirely on its size. As a first approxima- 
tion, we may say, however, that the limit of microscopic visibility 
lies at 0.2, while the limit of ultramicroscopic visibility ties around 
10mp[1 mm.= 10004; Lu = 1000myu; 1my = 10AU (Angstrém 
units) ]. 
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All such particles appear to be in a state of vigorous motion. 
This so-called Brownian movement (see p. 137) is closely con- 
nected with the kinetic energy of the molecules. 

To summarize the previous discussion, it may be said that in 
true solutions matter is split up into molecules, while in colloidal 
solutions larger particles, polymolecular particles, are present. 

It is customary to call a colloidal solution a sol, while the name 
gel is used exclusively for the jelly-like mass that is formed, when, 
for instance, a gelatin solution solidifies completely without any 
visible separation. 

True solutions and colloidal solutions differ morphologically in 
degree of dispersion. The latter expression gives rise to the dis- 
tinction between dispersion medium (or dispersing phase) and 
dispersed phase. If mastic is dissolved in alcohol, a true solution 
is obtained. On pouring a little of this solution into water, we 
obtain a colloidal solution of mastic in water, as shown by the 
immediate appearance of the Tynpatu effect. The water (or, 
properly speaking, the water in which a little alcohol is dissolved) 
is called the dispersion medium, and the mastic the dispersed (or 
disperse) phase. English scientists speak of internal and external 
phase, while the French call the dispersed particles micelles or 
granules (reference will be made later to a difference between the 
meanings of these two words; cf. p. 101) and the dispersing phase 
milieu extérieur or liquide intermicellaire. The word micell(e) is 
also used considerably in English. 

Heretofore, the dispersing phase has been tacitly assumed to 
be a liquid. There are disperse systems, however, that are built 
up differently. Wo. Oswautp has pointed out that, in general, 
disperse systems can be distinguished as follows: 


CL G+G 4_L+G (2 taG 
2, Ga Li Oar ao Sav aten La 
2G +8 Gales pests ewe) 


In this classification, S represents the solid state (solidus), 
L the liquid state (liquidus), and G the gaseous state. Further- 
more, the first capital letter indicates the dispersion medium, and 
the second the dispersed phase. System 1 is a mixture of two 
gases. Since gases mix freely and form molecular dispersions, the 
system G + G falls outside the field of colloid chemistry. System 
2 represents the condition known as a fog: liquid droplets dispersed 
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in a gas such as air. System 3 is asmoke: solid particles dispersed 
in air. System 4 is a foam, consisting of isolated gas spaces en- 
closed in cohering liquid films. System 5 is the emulsion of one 
liquid dispersed in another liquid. System 6 is a suspension. 

System 7 is a comparatively rare one. It includes the finely 
divided gaseous inclusions found in certain minerals. The gels, 
consisting of liquid enclosed in solid walls, belong to system 8. 
System 9 is represented by materials such as gold (or ruby) glass 
in which minute gold particles are disperséd in a solid mass of glass. 

Although it is formally correct to consider all these disperse 
systems as more or less related to one another, the development of 
colloid chemistry has shown that only a few of them are closely 
connected, while others are but remotely related to one another. 
Colloid chemistry has been developed chiefly in the direction of 
systems 5 and 6, representing colloidal sols, and system 8, which 
is often formed from systems 5 and 6. It would be wrong, however, 
to suppose that the knowledge gained from these three systems 
might be transferred without change to systems 2 and 3, viz., 
to a fog or a smoke. Henceforth, the discussion will be confined 
to colloidal systems in a more restricted sense. A writer on dis- 
persoid chemistry who attempts to discuss the general properties 
of all these systems is bound to fall into superficial generalities 
since the specific properties of the different systems show profound 
differences. 

Nevertheless, it may be stated that disperse systems of widely 
differing character are possible and that the characteristics of a 
disperse system are not linked to any particular kind of substance. 
Grauam, therefore, was mistaken in his classification of colloidal 
and non-colloidal (or crystalloidal, as he called them) substances, 
since, in general, any substance can be brought into the colloidal 
state. Colloidality is not a specific property of a definite type of 
substance but represents a possible state, comparable with the 
liquid state, the gaseous state, and the solid state. 

Moreover, crystallinity does not stand out in striking contrast 
to colloidality. The X-ray researches of DreByr and ScHERRER 
(see p. 124) have shown that in the large majority of colloidal 
systems the dispersed particles are minute crystals. 

2. Electrical Properties—One of the most important prop- 
erties of colloidal particles is the fact that they are generally 
electrically charged with respect to their surroundings. When an 
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electric current is passed through a colloidal solution of As2Ss, it 
will be found after a while that the dispersed substance has accu- 
mulated at the anode. Without claiming that anything else has 
occurred in the liquid but the displacement of the As2S3, one may 
state that the sulphide has migrated as a whole, whereas in a 
solution of copper chloride the chlorine moves toward the anode 
and the copper toward the cathode. 

Furthermore, the direction in which a colloidal particle moves, 
with respect to the electric current is a specific property of that 
particle. An As2S3 particle moves toward the anode and is there- 
fore, apparently, negatively charged, while a particle of Fez03 moves 
toward the cathode and must, therefore, be positively charged. 
A sol of ferric oxide may be prepared by hydrolyzing ferric chloride 
at higher temperatures. On pouring a few 
drops of a solution of this substance into 
boiling water, hydrolysis takes place and a 
reddish-brown iron oxide sol is formed. If 
the solution thus obtained be placed in a 
dialyzer (a vessel over the bottom of which 
parchment paper is stretched; see Fig. 1), the 
hydrochloric acid which is formed passes 
through the parchment into the outside water 
(which may be renewed repeatedly) while a pure colloidal solu- 
tion of ferric oxide remains behind. 

In subsequent chapters, it will become evident that there is an 
intimate connection between the electrical properties of a sol and 
added electrolytes. It has been known for a long time that many 
colloidal solutions are extremely sensitive to small quantities of 
added electrolytes. LinpER and Picton have studied this rela- 
tionship in detail. Although these matters will be fully discussed 
in Chapters IV and V, their results may be summarized here in the 
following statement: For a negatively charged colloid, the amount 
of electrolyte required to produce precipitation is, in general, 
determined by the valence of the cation of that electrolyte, the 
valence of the anion being of subordinate importance. For a posi- 
tively charged sol, the valence of the anion determines the precipi- 
tating power of the electrolyte. 

In general, a monovalent ion has a mild flocculating power; a 
divalent ion is much stronger in this respect; a trivalent one is 
still more powerful; and so on. In the case of the particular 


Fig. 1. 
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AseS3 sol used, the coagulating point (or limiting value), i.e., 
the concentration of electrolyte required to precipitate the sol 
completely in two hours, is 56 millimoles per liter for KCl, 0.68 
millimole per liter for BaClz, and 0.091 millimole per liter for 
AICls. Hence the flocculating powers of these electrolytes are in 
the ratio of 1:8: 500. The converse of these relationships is 
presented by the previously mentioned positively charged Fe2O3 
sol. Whereas 60 millimoles of KCl (monovalent anion) were 
required for precipitation, only 0.6 millimole of K2SOx (divalent 
anion) produced the same effect. 

3. Two Types of Colloids——In the previous paragraphs it 
has been shown that colloidal systems have three general character- 
istics: (1) they are not optically void but show the TynpaLL 
effect; (2) when dialyzed they appear to contain particles that 
do not pass through parchment; and (3) they migrate under the 
influence of a difference in electric potential. Although all col- 
loidal systems have all these properties in common, they fall, 
nevertheless, into two large classes. These two groups have been 
designated as suspensoids and emulsoids. In another classifica- 
tion, the terms lyophobe and lyophile are employed. On the cor- 
rectness of these nomenclatures, an opinion will be expressed 
later (see p. 167). The differences between these two groups are 
as follows: 

(a) The suspensoids, or lyophobe colloids, to which belong the 
metal sols, the hydroxide sols, and the sols of inorganic salts, are 
systems which in most of their physical properties differ only 
slightly from their dispersion media. The viscosity of a gold sol 
and that of an arsenic sulphide sol differ little from that of water. 
Emulsoids, or lyophile colloids, which include the sols of albumin 
and the higher carbohydrates, form disperse systems in which the 
properties of the dispersing phase are considerably modified by the 
dispersed colloid. The high viscosity of a glue solution is a familiar 
example. 

(b) There is an important difference in the behavior toward 
electrolytes. Suspensoids undergo flocculation by the addition of 
minute concentrations of electrolytes, whereas large amounts of 
an electrolyte are necessary to precipitate emulsoids; the so-called 
salting out of proteins requires comparatively large concentrations 
of electrolyte (except in the case of salts of heavy metals). There 
is still another important difference in the precipitation of these 


Sec. 4. GENERAL PROBLEMS OF COLLOID CHEMISTRY 11 


two groups. Addition of water to the system after flocculation 
causes emulsoids to return to the state of colloidal dispersion, 


but does not have this effect upon suspensoids; hence, flocculation , 


_is as a rule, irreversible, for suspensoids, and reversible for emulsoids. 

(c) The ultramicroscopic image of one group is often different 
from that of the other. Most suspensoids give a well-differentiated 
ultramicroscopic picture consisting of bright particles in vigorous 
Brownian movement. Emulsoids, however, usually show only a 
diffuse light cone. 

(d) Finally, the electrical properties are quite different. A 
suspensoid, ordinarily, has an electric charge of a definite sign, and 
only by very,special methods (to be discussed later) is it possible 
to change this sign. On the other hand, most emulsoids, more 
particularly protein sols, change their charge readily, so that they 
are positively charged in an acid medium and negatively charged 
in an alkaline medium. 

From the first-mentioned difference it follows immediately 
that there is apparently no mutual relation between the suspen- 
soidal particles and the dispersion medium. Hence, the properties 
of the latter hardly change, whereas in emulsoid systems, which 
are rightly called lyophile, a reciprocal action between the dis- 
persed phase and its medium takes place. This explains the 

striking contrast in the behavior of the two classes of sols. Although 
the opposing characteristics are not absolute (no contrasts ever 
are, for that matter!) it is expedient to accept the above systematic 
distinction between these two main groups of colloids. 

4. General Problems of Colloid Chemistry.—In the preceding 
sections it has been shown that colloidal systems are systems in 
which a substance, although not in true solution, is nevertheless 
present in a state of fine division. The question now arises: How 
is it possible for such a system to maintain itself? As we know, 
the boundary between each particle and the dispersion medium is 
the seat of an interfacial energy which always strives to unite the 
particles in order to reduce the interfacial area. This tendency of 
particles to unite and form larger aggregates is universally known: 
small droplets tend to unite and form drops; small crystals grow 
together and form large units. 

Since the particles in a colloidal solution are in Brownian move- 
ment, they are continually in a condition to collide with each other. 
At first sight it is inconceivable why the boundary tension just 
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referred to does not cause the particles to cling together whenever 
a collision occurs, and thus destroy the colloidal system. It is an 
equally striking fact, that, at least in the case of suspensoids, the 
addition of a small quantity of electrolyte brings about a con- 
dition which really is in agreement with this expectation: on the 
addition of an electrolyte the dispersed particles unite, the system 
exhibits flocculation, and the disperse system is destroyed. 

Hence, the object of the present discussion is, (1) to explain 
the comparatively great stability of the colloidal solution, and 
(2) to show why and how electrolytes can destroy this stability. 

The first step will be to give an account of what really does 
take place in the interfacial boundaries. Chapter II will be devoted 
to this problem. 

Secondly, the large part played by electrolytes, in connection 
with the fact that most sols are electrically charged, gives rise to 
the assumption that special electrical causes have an important 
bearing on the phenomena under consideration; hence the electrical 
conditions in the interface between particle and medium must be 
closely examined in order to solve the problems just mentioned. 
Chapter III will deal with this interfacial electricity, while in 
Chapter IV the facts established in the two preceding chapters 
will be developed into a theory of stability which, at present applies 
only to suspensoids. 


CHAPTER II 
BOUNDARY PHENOMENA 


5. The Liquid-Vapor Boundary.—The best-known boundary 
phenomenon is that which exists at the surface of a liquid in con- 
tact with saturated vapor or air. We are all familiar with the 
appearance of a concave or convex meniscus and with the rise and 
fall of liquids in capillary tubes. 

LAPLACE, as early as 1806, evolved a theory to account for these 
phenomena, basing his reasoning upon the idea that liquid and 
vapor meet sharply in one plane. Later, vaN DER WAALS revised 
the theory of LaPLacs#, working on the assumption that the transi- 
tion from liquid to vapor is not discontinuous but continuous. 

The condition of the molecules near the boundary is depicted 
in Fig. 2. The basic idea is that: the molecules exert an attraction 


upon one another, in such a way that at a certain distance from a 
given molecule the attraction exerted upon it becomes negligible; 
hence each molecule is assumed to be surrounded by a sphere of 
attraction. If a molecule is within the sphere of attraction of 
another molecule, each exerts a noticeable attractive force upon 
the other. In Fig. 2 are sketched a number of molecules with 
their surrounding spheres of attraction. If the lower part of the 
figure represents the liquid and the upper part the vapor, it will 
be seen that a molecule within the liquid is usually so balanced 
that in the upper half of its sphere of attraction there are as many 
molecules as in the lower half. Such a molecule is considered to 
be attracted equally strongly in all directions. On approaching 
13 
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the boundary, we soon meet a particle, such as a, having a sphere of 
attraction in which the lower half is completely filled with molecules 
of liquid while the upper half is only partly filled. Since the 
vapor has a lower density than the liquid, there are fewer molecules 
in the segment bcd than in the equally large segment efg, and con- 
sequently the force tending to draw a upward is less than that 
tending to draw it downward. Such a molecule will be subjected 
to a one-sided attraction toward the liquid. It is clear that the 
same is true of all molecules between lineg I and IJ. According 
to this mode of reasoning, each liquid is under a so-called internal 
pressure, as was indicated in the theory of LAPLACE. 

It is evident, however, that the real relationships are not as 
they appear in the figure, where a sharp boundary surface (the 
fully drawn line) is assumed. Since the molecules situated 
between lines I and II are more strongly attracted toward the 
liquid, the closer they are to the boundary surface, it is evident 
that a state of equilibrium must be established, so that a density 
gradient between lines I and II exists. Hence, instead of a bound- 
ary surface, there is a boundary layer, which is not a mathematical 
plane but a layer of a certain thickness. For this reason, the 
expression “boundary layer” will henceforth be employed, 
rather than “boundary surface.” 

Extensive researches of vAN DER WAALS! and his pupils have 
made it clear that this continuous density gradient accounts for 
the so-called surface tension. The internal pressure is, as we 
have seen, a force acting in a direction perpendicular to the bound- 
ary surface; the surface tension, however, is a force acting in a 
direction parallel to the boundary surface and tending to decrease 
the surface to a minimum. Hence, an increase in surface requires 
the expenditure of energy, since it is a movement against the direc- 
tion of the force. The surface is, therefore, the seat df a surface 
energy; and, if we define the surface tension as the force that 
operates in each square centimeter of cross section of the surface 
to hold it together, the surface energy must be the work necessary 
to increase the surface by one square centimeter (at constant 
temperature). 

This line of reasoning was applied to the example of the 
liquid-vapor boundary, but nowhere was anything introduced 
that was specific for this combination. Precisely the same reason- 
ing would apply if the lower half of Fig. 2 were assumed to repre- 
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sent, for instance, liquid phenol, and the upper half water (more 
correctly speaking, if the figure were assumed to represent the 
equilibrium between two liquid phases in the system water-phenol). 
Consequently the same phenomena occur at the boundary of 
two liquids, as will be discussed in Sec.7. 

As an example of the effect of surface tension, it may be noted 
that small droplets tend to distill to larger ones. This can be 
readily observed under the microscope by placing a number of 
drops in a cell of a microculture slide. It is evident that small 
drops have a greater vapor pressure than large ones, since one 
gram of small drops has more potential energy than one gram of 
large drops« If both are to be vaporized, different amounts of 
energy will be required; hence these two kinds of drops cannot 
exist in equilibrium with the same vapor. (For a further dis- 
cussion, see Sec. 80.) 

Similarly, since small crystals sublime to large ones, we may 
v conclude that there also exists a surface tension at the boundary 
of a solid in contact with its vapor. 
(See further, p. 26.) 

The surface tension exerts, so to 
speak, a compressive force on a drop. 
The magnitude of this pressure can be 
easily computed. Let us consider a 
drop with radius r (Fig. 3) at the end of a 
capillary tube, connected on the other 
side with a large volume of liquid. 
The volume of the liquid can be changed 
by means of the piston Z. When the Fig. 3. 
drop at the end of the capillary is in 
equilibrium with the large mass of liquid, the work done in 
slightly changing the position of the piston must be equal to 
the work required for a corresponding increase of the surface of 
the drop. Or: 


Popes) GUS een os Pee, een) 


in which P is the pressure exerted, dv the change in volume, o the 
surface tension, and dw the change in the surface area. 

For a change in radius from r to r + dr, the increase in volume 
is 4xr? X dr, while the increase in area amounts to 


A4n(r + dr)? — Arr? 
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or 


Anr? + 8ardr + 4rdr? — 4nr?, 


which, neglecting dr? (a quantity of the second order), becomes 
8ardr. 
Hence, equation (1) is changed to: 


P X Anr2dr = o X 8ardr 
or: 
ao 
r 

It follows that the amount of compression resulting from surface 
tension becomes greater as the radius of the particle becomes 
smaller. It is, therefore, possible for the density of small particles 
to be somewhat greater than the density of the larger aggregates 
from which they were derived. 

The surface tension (c) can be determined by different methods. 
The first to be mentioned is that which makes use of the capillary 
tise (or fall), h. The relation between h and o is given by the 
“quation: 

20 
~ dyRg 


in which dz is the density of the liquid, R the radius of the capil- 
lary, and g the acceleration due to gravity. The angle of contact 
which the liquid makes with the walls of the tube is here assumed 
to be zero.” 

The surface tension is not always measured in absolute units. 
The alternative consists in establishing a comparison with water 
as a standard. This method, of course, can be applied also to the 
measurement of the capillary rise. Using the same capillary, we 
determine first the rise for water and then the rise for the liquid 
under observation. In this manner, we calculate the relative 
surface tension without measuring the diameter of the capillary. 

Another method for the determination of surface tension is 
that which employs the stalagmometer.2 This apparatus (Fig. 4) 
consists of a pipette, the end of which is ground flat (in order to 
give a larger dropping surface) and then polished. A constriction 
at the bottom of the tube causes a retardation in the flow of the 
liquid. The drops form at the flat tip, and fall as soon as the force 
of gravity balances the surface tension. The greater the latter 
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the larger the size of the drops formed. For a given volume of 
liquid, the number of drops formed is inversely propor- 
tional to the surface tension. Using a definite volume, 
we first determine the drop-number for water, and then, 
with the same volume, the drop-number for the sample 
liquid. Or, we may proceed differently. Filling the 
pipette, first with water and then with another liquid, we 
may weigh a number of drops.t By means of the 
specific gravity of the liquid, the results are calculated 
in terms of equal volumes. 

A third method is that of the so-called maximum 
bubble pressure. The tip of a tube, through which air 
(or another gas) is blown, dips first into water and 
then into the sample liquid. The pressure required to 
let the gas-bubble escape from the tip is a measure of F¥¢ 4 
the surface tension. 

A fourth method consists in measuring the force necessary to 
remove an object from the surface of the liquid. This force is 
measured with a balance.* As objects, a small plate, a ring,® 


ws 
E ‘ Ci a m 


Fia. 5. 


* A very convenient instrument is the micro-torsion balance made by the 
Central Scientific Co. (Chicago, Ill.) (Fig. 5.) 
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or a rod? may be used. This method is especially well adapted 
for relative measurements, although it can also be used for absolute 
measurements.’ 


6. Mixtures.—We shall now consider the effect of added sub- 
stances on the surface tension of a liquid, for instance, water. 
For the present, however, electrolytes in general are excluded, 
since these give rise to more complicated capillary electrical 
phenomena. (See p. 39.) 

In studying the effect of added substances on the surface 
tension of a liquid, we find that this effect varies greatly for dif- 
ferent substances. Some substances lower the surface tension; 
others leave it unchanged; while a few are capable of raising it. 
If there is a change, however, the effect always increases with the 
concentration. 

Another important property, common to systems of more 
than one component, and known for a long time, is that the con- 
centration in the interior of the liquid and that in the boundary 
layer are not always the same. In the boundary layer, the con- 
centration of one of the components is often much greater than in 
the liquid itself; sometimes, however, it is smaller. 

This phenomenon may be demonstrated by artificially increas- 
ing the surface of a liquid, e.g., by making it foam strongly, since 
a lamella of foam is a liquid which has an area large in comparison 
with its volume. Miss Benson § has verified this fact by compar- 
ing the concentration in the foam obtained from an amy] alcohol 
solution with the concentration in the solution itself. 

WILLARD GrBss ® first deduced thermodynamically the relation 
between the change of concentration in the boundary layer and 
the effect of the dissolved substance on the surface tension of the 
liquid. If a substance lowers the surface tension, the boundary 
layer is richer in this substance than the bulk of the liquid; and, 
conversely, if the substance raises the surface tension, the boundary 
layer is poorer. 

Variations in the concentration in the boundary layer are com- 
monly called adsorption. Positive adsorption is that which occurs 
when there is an increase in concentration; when a decrease in 
concentration in the boundary layer takes place, the adsorption 
is said to be negative. 

The rule of Gipss may be derived by considering the following 
isothermal cyclic process: 
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Imagine a liquid mixture with a surface tension o and a surface 
w, while the ‘osmotic pressure” in a volume v would be z. 

(1) At constant volume, the surface is increased. This re- 
quires the work odw, while the osmotic pressure changes from 7 to 
7+ =) dw. 

W/ » 

(2) The second step consists in keeping the surface constant 
while the volume is increased. In other words, the solution is 
diluted with the solvent while the shape of the container is changed 
in such a way that the total area remains constant. The work 
done is equal to the osmotic pressure times the volume change and 


amounts to , 
= { =-+ (2) au | ae 
Ow/ » 


Owing to the dilution, the surface tension varies as a result of the 
change in concentration and becomes 


o+ (~) ae 


(3) Next, the original surface is restored and the system 
performs work equal to the surface tension times the change in 


surface, or 
— | o+ (2) a dw. 


At the same time, the osmotic pressure reverts to the original 
value, 7. 

(4) Finally, in restoring the old volume, for which the work 
rdv has to be performed, the system is brought back to its original 
state. The sum total of the energy changes must be equal to 0: 


odw — { = + (2) aw f av - { «+(%) iv | d+ na ='() 
Ow/ » OW! ps, - 
Hence, the following relationship exists: 


Te gana ME My Rent FE) 


From this equation of GipBs, we can derive an expression for the 
excess concentration (positive or negative) in the boundary. 
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Let us assume that n moles are dissolved in v liters. If the sub- 
stance is homogeneously distributed throughout the liquid, its 
concentration in the liquid is: 


If we call the excess concentration in the boundary layer, per 
square centimeter, «, we obtain: ; 


ees n ~ Uw : (3) 
Equation (2) can be written: 
do dc dr dc 
tb die ee (4) 
From equation (3), 1t follows that: 
Ue te a 
dv ve 
and: 
oe ate 
dw v 
Substituting these values in equation (4), we get 
do _ de 
“des eile 
or, since 7 = RTc, and a = RT, the final result is: 
c do 


From this equation, we see, in agreement with the rule of 
Giszs, that w is positive, i.e., the boundary layer is richer in the 
dissolved substance when “ is negative, or, in other words, when 
the surface tension decreases on addition of this substance. Con- 
versely, the boundary layer is poorer in the added constituent when 
is positive, i.e., when the surface tension increases with the 
concentration. 

For the liquid-vapor boundary layer, it is extremely difficult to 
test this relation experimentally. In order to determine wu, we must 
know the concentration of the boundary layer per square centimeter. 
It will be readily understood that it is exceedingly difficult to realize 
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conditions under which the total surface of the boundary layer is 
known and, at the same time, the concentration of the boundary 
layer is accessible to determination apart from the remainder of 
the liquid. However, since the previous discussion does not 
include anything that is specific for the liquid or the vapor phase, 
equation (5) applies equally well to boundary phenomena between 
other phases. We shall presently see that verification of equation 
(5) is sometimes possible. » (See Sec. 7.) 

Positive adsorption is a much more important phenomenon 
than negative adsorption, for the following reason: By the addi- 
tion of a second substance, wu may be considerably diminished but 
may not be greatly increased. This becomes clear if we consider. 
only the two extreme cases. Suppose we have a liquid of a 
certain concentration. Then the increase in the concentration 
of the boundary layer is, so to say, unlimited; hence, a very dilute 
solution can be extremely concentrated in the boundary layer. 
If, however, negative adsorption takes place, the concentration of 
the boundary layer can, in an extreme case, be equal to 0, but the 
boundary layer can never contain less dissolved matter than is 
present in pure water. While, for positive adsorption, the con- 
centration can increase without limit, it can decrease only to a 
certain extent in the case of negative adsorption. Accordingly, we 
shall see that positive adsorption plays a more important réle than 
negative. 

This is still further emphasized by the fact that solutions in 
water are the ones most frequently discussed. Water, however, 
has an exceedingly high surface tension, as can be seen in Table I, 
where the surface tension (at 20°) is listed for a number of 
substances. 


TABLE I 

Surrace TENSION IN DYNES PER CENTIMETER AT 20° 

Substance o Substance o 
Minylvethers casas ees a arotc + 16 Carbon tetrachloride....... 26 
ith aleoholinnca.ca' ss. 22 Pyridine? vm. ek aac cree 38 
Methyltaleoholtne. cere ace - 23 Benzenee maura sec cea 29 
Gly colieer atta ac pete 46 VV CAUTE ty rate Sieh oh hoaes Seen ae 73 
PAC OUIC NA CLOM: eYons cisussseene etree: 23 1B 4i{03 8OVbAY SP siege orca ate ease ee 38 
Chlorotonmiernt ta ties cir 26 Sulphurstrioxideanccrce 30 
Carbon bisulphide.......... Some BVICECULY en aa ee ree 400 
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Only mercury, molten metals, and fused salts have surface tensions 
which exceed that of water. Added substances generally decrease 
the surface tension and therefore give rise to positive adsorption. 

The influence which one substance exerts on the surface tension 
of another is primarily determined by its own surface tension. 
The curve representing the surface tension as a function of the 
concentration approaches a straight line as the surface tensions of 
the two constituents of the mixture approach equality. The 
additive, straight-line character of the curve disappears gradually 
with the increase in the dif- 
ference between the surface 
tensions of the pure sub- 
stances, and the curve may 
even exhibit a minimum 


Surface tension 


0 oO. 02 O38 O04 0,5 


Concentration’ Conc. in moles/Liter 


Fic. 6. Fig. 7. 


(Fig. 6). If we consider the cases represented by the third and 
fourth curves in Fig. 6, we notice that the change in the surface 
tension with the concentration is greatest near the left-hand side 
of the diagram. Adsorption phenomena are therefore most 
pronounced for very small concentrations. 

Organic substances, particularly those that have a long chain 
of carbon atoms or one or more benzene rings, exert the greatest 
surface activity, that is, they cause the greatest change in the surface 
tension of water. In general, the surface activity in an homologous 
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series increases with the number of carbon atoms. An example is 
given in Fig. 7 where the surface tensions for aqueous solutions of 
fatty acids, from formic acid to valeric acid, are reproduced. 

Looking at these phenomena from the standpoint of the 
theoretical physicist, we do not as yet possess a molecular theory 
which would enable us to predict a quantitative connection 
between surface tension and concentration. So far, it has only 
been possible to propose’ an empirical relation between these 
quantities. : 

FREUNDLICH !° has pointed out that the lowering of the surface 
tension by a dissolved substance, for moderate concentrations, can 
be represented by an equation of the following form: 

1 
NG ESC rey al eee eee) 
where s and 7 are constants for a given substance. That the lower- 
ing of the surface tension is proportional to a fractional power of 
the concentration is indicated by the initial shape of the curves in 
Figs. 6 and 7. By the use of logarithms, the above expression 
may be written: 


log Ae = logs + — loge. ol east eee) 


Log Ao and log ¢ are in linear relation, which agrees well with the 


Log. Ac 


Log. C 


Fig. 8. 


observations, as shown in Fig. 8, where the data of Fig. 7 are 
plotted logarithmically. From the fact that the lines in Fig. 8 
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1 
run parallel to each other, we note that — for these different acids 
n 


is practically constant. 
We have seen in equation (5) that the amount of substance 
adsorbed is intimately connected with the change in surface ten- 
1 


sion. For a change of the latter proportional to c”, the amount 

adsorbed will bear a similar relationship to the concentration. 
FREUNDLICH !! has maintained, therefore, that for the amount 

x adsorbed at constant temperature the following relation exists: 


: ds 
where Zw is the total boundary surface. Hence ie represents the 
(6) 


amount adsorbed per square centimeter. This equation, usually 
called the adsorption isotherm, is poorly adapted to experimental 
verification in the gas-liquid equilibrium, for the same reasons 
that were suggested with regard to equation (5). 

The speed with which a dissolved substance changes the surface 
tension of water is generally great. Within a few seconds, the 
surface tension reaches its final value. Since the process does not, 
- however, take place instantaneously, we must distinguish between 
a dynamic and a static surface tension. The former is measured 
at a newly formed surface, whereas the second belongs to a surface 
that is completely in equilibrium with the interior of the liquid. 
Once in a while it happens, as for instance in the case of soap 
solutions, that the time required to establish equilibrium is quite 
considerable. 

7. The Liquid-Liquid Boundary.—At the boundary between 
two immiscible liquids, there also exists an interfacial tension. 
This is evident at once from the fact that a small amount of oil 
introduced into water forms a round drop (flattened only by the 
force of gravity). We conclude that there is a tendency toward 
minimum surface; consequently, surface energy is present at the 
oil-water boundary. The conditions at the interface between oil 
and water are, in many respects, similar to those represented in 
Tig. 2. Also, the methods of measuring the interfacial tension 
can be carried out in a manner analogous to those discussed in 
Sec. 5. A capillary tube dipping below the interface of the two 
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liquids enables us to measure the capillary rise or fall of the inter- 
face.. Using a stalagmometer filled with one liquid and dipping 
into the second, we can count the number of drops and arrive at a 
conclusion regarding the interfacial tension, just as in the case 
of liquid and air. Even the method of ‘pulling apart” can be 
applied to the interface of two liquids. 

If a foreign substance is dissolved in the water, the effect of 
the added constituent on’ the interfacial tension can be studied 
in the manner described above. For instance, the addition of a 
little soap decreases considerably the interfacial tension between 
oil and water. 

In the case of the liquid-liquid combination, we are in a much 
more favorable position to test equation (5). For one reason, it is 
possible, as we have seen, to measure the effect of the sub- 
stance to be adsorbed on the interfacial tension; moreover, we 
are able to divide one liquid into fine droplets of known dimen- 
sions and in this way create a large surface 
that is completely known. Lrwis and Par- 
RICK,!? in particular, have used this method 
to check equation (5), the former by measur- 
ing the adsorption of different substances by 
drops of paraffin oil (or of mercury) emulsified 
in water, the latter by doing the same for small 
droplets of mercury which moved in a stream 
through a liquid. 

Parrick’s work was carried out in an 
apparatus such as that sketched in Fig. 9. 
A is a reservoir containing mercury. By 
means of a ground-glass stopper, it is con- 
nected to a tube, B. Fine grooves in the 
stopper allow the mercury to fall in fine 
droplets into the tube B. The rain of 
mercury falls from B into the reservoir C, 
where it collects with the loss of its large 
surface. 

When B and C are filled, for. instance, 
with a solution of picrice acid in water, the ad- Fig. 9. 
sorption of the picric acid by the mercury will 
lower the concentration in the tube B, while in C the adsorbed 
quantities will be released. 
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Since the rain of mercury exerts a strong stirring effect, it is 
necessary to keep the liquids in C and B from mixing. 

A counter-current device from the reservoir # and the outlet F 
brings about a stationary condition in the upper part of the tube 
B and thus makes it possible to draw conclusions with regard to 
the change in concentration caused by the rain of mercury. 

The results of Lewis and of Patrick approximately confirm 
the formula: the greater the quantity adsorbed, the greater the 
effect of the adsorbed substance on the:lowering of the surface 
tension. For both phenomena, the order in Parrick’s experiments 
was the following: new fuchsin, picric acid, salicylic acid, mercur- 
ous sulphate. Quantitatively, the relation did not hold; the 
amounts adsorbed could not be calculated, by means of equation 
(5), from the lowering of the surface tension. 

However, since we are dealing with electrolytes, the surface 
process is evidently complicated to a degree not covered by the 
assumptions underlying the formula of Gripsps. This deviation 
will be more fully discussed on page 40, where the influence of 
dissolved electrolytes will be dealt with. 

8. The Solid-Gas Boundary.—It has already been pointed out 
(p. 15) that there must exist a boundary tension at the interface 
between solid substances. Unfortunately, there are no means at 
our disposal by which such boundary tensions can be measured. 
However, all phenomena thus far discussed that are related to 
boundary tension are plainly in evidence, and the relation between 
concentration and amount of substance adsorbed also applies here. 

It is generally known that gases condense at the surface of 
charcoal, or, in other words, that gaseous adsorption takes place 
at the solid-gas boundary. A piece of charcoal, previously heated 
over a flame, on coming in contact with ammonia gas collected 
over mercury in a eudiometer tube, causes an immediate rise of 
the mercury column, due to the condensation of gas at the surface 
of the charcoal. 

On page 24 the following relation was discussed: 


se Beak og Cae eee oD een 
The total area Dw is a quantity which is not readily measured 


for a piece of charcoal. In order to check this equation, we start 
from the following consideration: 
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In all probability, the surface of 2 grams of charcoal will be 
twice that of 1 gram of charcoal, especially if the charcoal is so 
finely divided that it can be evenly mixed. Hence, we can replace 
Yw by m, where m represents the weight of the charcoal used. 
We must keep in mind, however, that the constants then only 
hold for one and the same sample of charcoal. 

The formula of the ee isotherm then takes the follow- 
ing shape: 

aL es tee 
m 

Since, for a gas that follows the law of Boy1n, the pressure is 
proportional to the molecular concentration, we may write, instead 
of c, the gaseous pressure, P. Hence formula (8) becomes: 

1 


ial ad lg ee a ema, a 


m 


or, on changing to logarithms: 
z 1 
log — = log k + — log P. 
m n 


This equation is expressed graphically by the curve drawn in 
Fig. 10. The adsorption is relatively greater the smaller the . 
pressure. 

In general, it may be stated that the meri of numerous investi- 
gations are in agreement with this formula. Nevertheless, several 
attempts have been made to place the 
formula of the adsorption isotherm on a 
better theoretical foundation. 

The first attempt to place the theory 
of adsorption on a kinetic basis was made 
by Lanemuir.!? The adsorbent is repre- 
sented by a crystal lattice in the interior 
of which all valences are saturated, while 
at the surface this is not the case. Lane- 
MUIR assumes that the unsaturated va- 
lences are responsible for the adsorption. 
These projecting valences are, however, distributed regularly over 
the surface and form adsorbing spaces in that surface. Gas 
molecules coming within the sphere of attraction of these spaces 


hes 
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are adsorbed, but, owing to their kinetic energy, which acts in the 
opposite sense, they tend to escape; hence, we have, simul- 
taneously, condensation on the surface and evaporation. A state 
of equilibrium is established as soon as the rate of condensation 
per square centimeter of surface is exactly counterbalanced by 
the rate of evaporation. 

Let 6 represent the fraction of the total number of available 
spaces occupied per square centimeter of surface; then 1 — @ is 
the part that is unoccupied. 

Furthermore, let a be the fraction of ihe total number of col- 
liding molecules (u) that adhere to the surface. When the gas is 
in equilibrium with the surface, the rate of evaporation must equal 
the rate of condensation, or: 


v0 = ap(1 — 8), 


where » is the rate at which the gas would evaporate if all available 
spaces were completely covered. From this equation it follows 
that: 


(= 
y+ au 
On placing ae B, we get: 
Vv 
te 
1+ Bu 


The number of molecules colliding per square centimeter (x) is 
proportional to the gas pressure, P. For Bu we can write kiP, by 
combining the proportionality factor and the factor 6 and calling 
the result ki. Since @ is proportional to the number of adsorbed 
molecules, wu, we can substitute « for 6 and combine the new 
proportionality factor with k; in the numerator, thus obtaining 
another constant, k2, whence: 


koP 


ES pe 
1+ kiP 

This equation gives us a relation between the amount of gas 
adsorbed, u, and the equilibrium pressure, P, resembling the rela- 
tion expressed in Fig. 10. This becomes clear from a consideration 
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of the two extreme cases. For very low -pressures, kiP in the 
denominator becomes negligible compared with unity, so that: 


Oh = [oO 


This corresponds to the initial steep slope of the adsorption 
isotherm, which starts almost as a straight line. 

At very high pressures a becomes very large compared with 
unity, so that: 


_ke . 
uw = — = constant. 
ky 


This agrees with the practically horizontal portion of the 
adsorption isotherm at high pressures. 

LaneGmuir has confirmed the accuracy of his formula in experi- 
ments with mica as adsorbent, using methane at pressures below 
0.1 mm. mercury. The theory has been extended so as to include 
amorphous substances. 

Although this line of reasoning is quite important for a clear 
understanding of adsorption phenomena, it nevertheless meets 
with some serious objections. 

In the first place, we notice that adsorption is reduced to a 
process of chemical affinity, and yet it is not specific in character, 
being thus in striking contrast with the specific nature of chemical 
combination. The supporting evidence includes the fact that the 
chemically inert gases, helium and neon, are scarcely adsorbed by 
charcoal. It should be remembered, however, that argon is 
truly adsorbed. 

Secondly, the theory is based on the idea that the adsorbed 
layer is only one molecule deep; otherwise a covered space would 
also be able to adsorb. Although the hypothesis holds true in 
certain cases (see p. 42) it is, as a general statement, open to 
grave doubt. 

A highly interesting investigation by Lamp and Coo.ipcsx !4 
has, furthermore, brought out the fact that gases are frequently 
condensed into liquids in the adsorption layer, which in that case 
is certainly many molecules thick. Hence the attraction exerted 
by the surface extends, directly or indirectly, much farther than 
the diameter of the adsorbed molecule. 

Potanyt!5 has made a more complete study of the cases 
dealing with the adsorption of condensed gas or liquid, while 
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Inin 15 and several other workers have continued the investiga- 
tions of kinetic phenomena begun by LaNnamurr. Since none of 
the theories advanced by these investigators covers the whole 
field of adsorption phenomena more accurately than FREUNDLICH’S 
classical formula, the use of this familiar expression will be con- 
tinued in this book. 

The phenomena of gaseous adsorption show yery clearly that 
the adsorption equilibrium is a reversible one. For instance, if 
we increase the volume after the adsorptign equilibrium has been 
established, the carbon releases as much gas as is required by the 
above formula, in accordance with the change in pressure due to 
the increased volume. 

FREUNDLICH, in his splendid book, ‘‘Kapillarchemie,”’ has 
called attention to the following fact: When we perform adsorp- 
tion experiments for a given adsorbent with a number of different 
gases, and then repeat these experiments with another adsorbent, 
we often find that in both cases the gases are adsorbed in the same 
order. This justifies to a certain extent the supposition that the 
specific character of an adsorption depends more on the properties 
of the gas than on those of the adsorbent. 

A large surface, such as occurs in the case of amorphous carbon, 
cannot in itself be considered a sufficient reason for a great amount 
of adsorption; we frequently meet with large surfaces that adsorb 
only slightly. This is easily understood in view of the facts 
mentioned above. The adsorption process is determined not only 


et : 
by the surface capacity but also by the relation - that is, by the 
ys 
influence of the substance to be adsorbed on the boundary tension. 
d : : 
The value of ae naturally varies for different substances. 
C 


The solid-gas equilibrium can be readily measured, as far as 
the adsorption is concerned, since equilibrium conditions can be 
checked directly from the gas pressure and no analytical determina- 
tions of concentration have to be made. Various problems of 
general interest for the study of adsorption have, therefore, been 
carefully worked out for this equilibrium. One of these is the 
manner in which a mixture of two gases is adsorbed. Since this 
question will play an important réle in a later part of this discus- 
sion, it may bestated here that in most cases both gases are 
adsorbed from a mixture of the two, but each is adsorbed 
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to a lesser extent than if it were present alone. A certain mutual 
displacement exists, therefore, but in spite of this the completely 
reversible character of adsorption phenomena is maintained, the 
final equilibrium being independent of the order in which the gases 
are brought in contact with the adsorbent. 

The speed with which equilibrium is established in this case is 
quite considerable. A few minutes are more than sufficient to 
bring about a perfect adsorption equilibrium. If, however, any 
chemical reaction takes place subsequently, either between the 
gases and the adsorbent, or between the gases themselves in the 
adsorption layer, more time will be required to reach a final state 
of equilibriurti. 

9. The Liquid-Solid Boundary.—As evidence for the existence 
of a liquid-solid boundary tension, the facts mentioned at the begin- 
ning of Sec. 8 may again be cited. Here, too, there are indications 
that a boundary tension does exist. For instance, if a number of 
small crystals are in contact with their solution, while at the same 
time a few larger crystals are present, it is quite apparent that the 
smaller crystals are more soluble than the larger ones; hence the 
former dissolve continuously and the latter grow, since the solu- 
tion is supersaturated with respect to the larger crystals. This 
phenomenon must likewise be explained on the supposition that 
a boundary energy plays a réle just as with small drops which 
have a greater vapor pressure than large ones (see Sec. 80). This 
interfacial tension is as yet not accessible to measurement. 

A number of adsorption phenomena which are of great impor- 
tance in the study of colloid chemistry will now be discussed. 

Adsorption experiments on a pure liquid in contact with a solid 
wall have not been made, and are naturally exceedingly difficult. 
The condition existing in the boundary layer of water in which 
carbon powder is suspended is, no doubt, different from that of 
pure water itself. A certain condensation of molecules, per- 
haps a displacement of the equilibrium between single and 
double molecules, takes place. This problem, however, has not 
been solved experimentally. 

On the other hand, there have been frequent and successful 
attempts to determine the degree to which a substance dissolved in 
water is condensed in the boundary layer of a solid adsorbent. 
This problem is much easier to solve, since the amount adsorbed 
can be derived from the difference in concentration between the 
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original solution and one with which the adsorbent is in equi- 
librium. 

It has been known for a long time that the constituents of a 
solution can be removed by means of charcoal powder. Colored 
substances, in particular, are often removed in this manner. 
When charcoal is added to a solution of a dye, the intensity of the 
color will decrease or the color will disappear completely, depend- 
ing on the amount of charcoal used. The same thing happens 
when a quantity of wool is employed. »The adsorption of the 
color becomes manifest by the dyeing of the white adsorbent. 

Regarding an adsorption process of this kind, a number of 
remarks may be made. 

(a) This process is an equilibrium reaction and is quantitatively 
expressed by the equation of the adsorption isotherm, discussed in 
connection with equations (8) and (9), viz.: 


l 
cp 
fon) 


(10) 


Sie 


where z is the total amount adsorbed, m is the amount of adsorbent 
used, and k and n are constants characteristic of the substance 
adsorbed. 

By plotting the amounts adsorbed as ordinates against the 
equilibrium concentrations as abscissae, 
we obtain the curve represented in 
Hig: ; 

We have previously seen that the log- 
arithm of the amount adsorbed must be 
proportional to the logarithm of the equi- 
librium concentration. In Fig.12 anumber 
of adsorption isotherms are reproduced, 
while in Fig. 13 the same isotherms are 
represented logarithmically. It will be 
noted that the lines are straight and 
more or less parallel to each other, which means that they have the 


| hee 5 : 
same slope. Hence — is a quantity of little specific character. In 
n ‘ 


fact, its value lies mostly between 0.3 and 0.7. A like remark was 
made previously, on page 24, concerning the exponent in equa- 
tion (6) indicating the relation between Ac and c. 
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It can readily be shown that this phenomenon is a true revers- 
ible equilibrium. This can be done by twice investigating the 
adsorption equilibrium of a 
solution in contact with an 
adsorbent: Starting froma ™ 
certain amount of dissolved 
substance we measure the 
equilibrium concentration 
and then add a concen- 
trated solution to the dilute 
system; next a concen- 
trated system is diluted in 
such a manner that the 
same total concentration is 8 meac 
reached as before. It will Fie. 12. 
be seen that the equili- 
brium concentration for the adsorption process is the same in 
both cases. : 

(b) The peculiar shape of the adsorption isotherm drawn in 
Fig. 11 shows that the effect of the adsorption is greatest in very 
dilute solutions. By comparing the amount adsorbed with the 
corresponding equilibrium 
concentration, we see that 
for small values of c¢ this 
ratio is most favorable to 
the amount adsorbed. This 
inference is in complete 
agreement with the state- 
ment made on page 27. 

The fact that the ad- 
sorption process gives rise 
to such considerable dis- 

Fie. 13. placements, particularly in 

very dilute solutions, can 

be used directly as a means of explaining numerous occurrences 
taking place in concentrations which, at first sight, appear incred- 
ibly small. Such are catalytic phenomena, enzyme reactions, 
and the effects of disinfectants and poisons. In all these processes, 
where extremely small concentrations have great effect, this 
action is due to the fact that somewhere an adsorption plays a 


34 BOUNDARY PHENOMENA Sec. 9. 


rdle and a minute concentration is considerably increased in 
some boundary layer. It is perhaps not a mere coincidence that 
most of these substances are characterized by great surface 
activity. 

Closely connected with this great activity in small concentra- 
tions is the fact that it is exceedingly difficult to wash out the last 
traces of an adsorbed substance. Washing is, in fact, nothing 
but following the adsorption isotherm in the opposite direction; 
by repeatedly pouring water over the adsorbent, we get equi- 
librium liquids of fairly high concentration, which are then 
removed. Owing to the peculiar shape of the adsorption isotherm, 
the effectiveness of washing decreases disproportionately as the 
amount retained by the adsorbent becomes smaller. Moreover, 
it is on these very properties that the fastness to washing of dyed 
textile fibers depends. 

(c) These equilibria are likewise quite rapidly established. 
Rosert Marc !° has found that the adsorption of starch by pow- 
dered crystals is 90 per cent complete within a few seconds. In 
general, adsorption equilibria of this kind are established in a few 
minutes. Whenever we meet with an adsorption reaction that 
does not reach a final value within this period of time, we can be 
reasonably sure that it is not a simple one. For instance, in the 
adsorption of oxalic acid by charcoal, the condition reached after 
ten minutes apparently does not represent complete equilibrium 
since the concentration of the liquid continues to decrease, although 
very slowly, for several hours. Further investigations 1” have 
shown that the adsorbed oxalic acid reacts with dissolved oxygen, 
and that this process is catalytically accelerated in the adsorption 
layer. This combination of adsorption and chemical reaction 
occurs frequently. Pure adsorption processes are characterized 
by a rapid attainment of the final state of equilibrium. 

(d) Again, it may be stated that a large surface is in itself not 
sufficient to produce a high degree of adsorption, since the adsorp- 


f : d 
tive power of an adsorbent depends specifically on the value of 4 


Unfortunately, we cannot measure o or its change with the con- 
centration. Frequently the adsorbability is compared with the 
value of o for the liquid-gas equilibrium, a comparison which is 
not directly permissible. Nevertheless, it so happens that sub- 
stances that have great surface activity under one set of condi- 
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tions are also well adsorbed under other conditions. For an 
homologous series this regularity holds, indeed, quite well; but 
whereas phenol lowers the surface tension of water less than amyl 
alcohol, the former is, nevertheless, better adsorbed.!® 

In general, the following rules can be given concerning the 
adsorbability of various substances: 

The adsorption is slight for all inorganic substances with the 
exception of the halogens. Moreover, the salts of the heavy 
metals are adsorbed to a somewhat’ greater extent than those of 
the alkali metals. This is also true of all aliphatic substances 
having several hydroxyl groups, such as the sugars. 

The adsorption is stronger for all other aliphatic substances and 
for the inorganic substances chlorine, bromine, and iodine. 

The adsorption is strongest, generally speaking, for aromatic 
substances. The more benzene nuclei they contain, or the more 
complicated their structures are (as in the case of the alkaloids), 
the better they are adsorbed. 

It may be stated in a general way that, apart from constitutive 
differences, a more complicated molecular structure coincides with 
greater adsorbability. 

(e) Asin the case of the solid-gas equilibrium, we find here that 
the order of adsorbability is the same for different adsorbents; 
but it should be repeated emphatically that only non-electrolytes 
are considered; the statement just made, viz., that the order of 
adsorbability is independent of the adsorbent, is not valid in 
those cases where phenomena of electro-adsorption predominate 
(see p. 39). The equality of the order of adsorption in various 
adsorbents is of considerable import, because in colloid-chemical 
discussions we often deal with adsorption processes that cannot be 
measured directly for colloidal particles. The corresponding adsorp- 
tion experiments have usually been carried out by means of a 
suitable charcoal powder; hence, it is worth knowing that the order 
of these phenomena is the same in different adsorbents, and that 
some of the results may be transferred from one series to 
another. 

(f) The influence of the temperature on the adsorption 
process is generally small. Ordinarily, the adsorption decreases 
with rising temperature. In Fig. 14 are reproduced the loga- 
rithmic adsorption isotherms for the adsorption, by charcoal, of 
acetic acid dissolved in water, at 0°, 50° and 94°. From the loca- 
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tion of these lines it is seen that k decreases with rising temperature, 
nels 
while — increases somewhat. 
n 


Sometimes we meet with cases in which higher temperatures 
are conducive to the adsorption process. In general, boundary 
tensions decrease with rising temperature; the liquid-gas boundary 
tension, as is well known, approaches zero; when the critical 
temperature is reached the boundary tension becomes zero. For 
the liquid-liquid interfacial tension this rule does not hold in all 

cases. The boundary ten- 
sion, to be sure, approaches 
zero as the critical solution 


ry temperature is reached, and 
als ss the rule is applicable to all 
3 SS systems having an upper crit- 


ical solution temperature. 
But there are also systems 
that possess a lower critical 
solution temperature, and for 
these the boundary tension 
increases with the tempera- 
ture. We do not as yet know what the conditions are for the 
boundary tensions at solid surfaces, but, knowing the behavior 
for liquids, we should not be surprised if the same two possibilities 
were found to occur at solid boundary surfaces. 

As stated above, the most frequent case is that in which the 
adsorption decreases at higher temperatures. According to the 
theorem of van’t Horr-Le CHATELIER, we are dealing, in this 
case, with a process which takes place with evolution of heat. 
Hence the heat of adsorption is usually positive. It should be 
kept in mind, however, that this heat is a differential heat of adsorp- 
tion for which there are at present no data available. Even 
determinations of integral heats of adsorption are quite rare. 
When 2 millimoles of crystal violet are adsorbed by charcoal from 
an aqueous solution of the dye, the heat evolution amounts to 
16 calories.!9 

(g) The influence of the medium on the adsorption process 
may be embodied in the following rule: a substance that is easily 
adsorbed is a poor adsorption medium. The following example 
ilLustrates this clearly: Alcohol dissolved in water is fairly well 


Log. C 
Fig. 14. 
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adsorbed by carbon. A dye that is well adsorbed from its aqueous 
solution is poorly adsorbed from an alcoholic solution. Since 
alcohol itself is so well adsorbed, it is a poor adsorption medium. 


: , : : do . 
This rule is easily explained when we remember that — is a 


measure of the adsorbability of a substance. In Figs. 15, a, b, and 
c are plotted the changes in the boundary tensions for the three 
systems just mentioned. «Since alcohol is so well adsorbed, its 
o — c curve must have a steep slope. It was stated on page 21 
that alcohol has a surface tension considerably below that of water 
(Fig. 15b).. The same is true of the dye (Fig. 15a); but for the 
combination «alcohol + dye (Fig. 15c) these boundary tensions 


H,O Alcohol Alcohol Dye 
Fie. 15. 


necessarily differ very little. Hence the curve is only slightly 
inclined and the adsorption is small. 

The foregoing statements indicate clearly that we can often 
successfully remove a substance, adsorbed in an aqueous solution, 
from the adsorbent, by pouring over it a liquid that is well adsorbed 
itself and hence is a poor adsorbing agent. This may possibly be 
connected with the fact that phenol dissolved in water is a strong 
disinfectant, while its action as such is much less when dissolved 
in oil or in alcohol.2? At any rate, this fact corroborates the 
statement, made on page 33, that adsorption processes very 
probably play a réle in disinfection. 

More than one attempt has been made to determine whether 
the adsorption process is really a reversible equilibrium phe- 
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nomenon, in other words, whether very small concentrations— 
mere traces,—removed by a clean surface from a solution, leave 
an equilibrium concentration in the liquid. The fact that a solu- 
tion of a dye, on the addition of a sufficiently large amount of 
adsorbent, is completely decolorized might naturally cause one 
to ask whether there is not a complete exhaustion of the solution. 
Even so, it is quite possible, of course, that a few molecules are 
left in the solution, but that they are too few in number to be 
perceptible to the eye. From a kinetiq standpoint, we must, 
however, assume that, for an adsorption surface in equilibrium 
with the liquid, as many molecules condense on each square centi- 
meter of surface, per unit of time, as there are molecules going 
into solution. This necessitates the presence of a number of 
molecules in solution. Consequently, it is difficult to get away 
from the idea that a complete adsorption is an impossible limiting 
case. Although the peculiar shape of the adsorption isotherm 
shows that the attraction exerted on the dissolved molecules by a 
totally unsaturated surface can be very great, and that it ap- 
proaches the limit, nevertheless the kinetic considerations just 
given seem to exclude an adsorption isotherm having a vertical 
tangent at the origin. 

On the other hand, the question has been asked: Does the 
adsorption go on indefinitely with increasing concentration, or do 
we finally reach a state of saturation? In fact, there are indica- 
tions that in some cases the adsorption isotherm runs horizontally 
at higher concentrations. Even so, the impression prevails that 
Lanomutr’s idea of a monomolecular layer covering a surface is 
not generally valid. 

Scumipt 7! originally worked out a theory of adsorption based 
on the assumption of a saturation concentration, but later ?? he 
rejected this idea. 

The phenomenon of the simultaneous adsorption of two sub- 
stances has been very little studied for non-electrolytes. The 
impression prevails, however, that here too (see p. 30) both sub- 
stances are adsorbed, each one to a lesser degree than if it were 
present alone, and in such a manner that the more strongly 
adsorbed of the two predominates in the mixture and thus hampers 
the adsorption of the second substance. We are, in these cases, 
dealing with phenomena of displacement, as is shown in the table 
below.” 
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TABLE II 
ADSORPTION DISPLACEMENT OF GLUCOSE BY VARIOUS URETHANES 


Initial solution: 9 g. of glucose per liter; 3 g. of blood charcoal. 


Glucose Urethane in moles per liter 
Added urethane % isk, 

c x Initial c xv 

E m solution m 

INQHetroere nerok cee bed 11 P28 — — — 
Methyl re eeeerE a Gad OnZd 0.072 0.031 0.014 
ABtibyed Bees oh notes cue oe ie 0.60 0.074 0.021 0.018 
TE ey ONd bs eek ween ee 8.3 0.23 0.070 0.009 0.020 
Butyl enc reuse cme: 8.8 0.07 0.070 0.004 0.022 


* In the original article the value 7.8 is given, which is no doubt a typographical error. 


This is a clear case of displacement. The adsorbed glucose is 
partly forced out of the boundary surface by the addition of a 
urethane. The more readily the added substance is adsorbed, 
the more pronounced is this displacement. The higher members 
of the homologous series are, as we know, always more strongly 
adsorbed than the lower. It is not necessary to’ discuss the sig- 
nificance of such phenomena for the elucidation of pharmacological 
processes. 

10. Adsorption of Electrolytes——An investigation of adsorp- 

‘tion phenomena for electrolytes shows that their behavior is 
undoubtedly similar to that of non-electrolytes. For instance, 
we can readily determine the adsorption isotherm for a solution of 
oxalic acid, succinic acid, benzoic acid, etc. Nevertheless, it is 
apparent that influences of a different nature enter into play. 
This follows immediately from the fact that displacement phe- 
nomena as described in the previous section are only observed in 
case both adsorbed substances are non-electrolytes. On the other 
hand, an electrolyte is hardly affected by the presence of a non- 
electrolyte and, conversely, the adsorption of a non-electrolyte is 
not modified by an electrolyte.24 If two electrolytes occur simul- 
taneously, they generally displace each other, but in some cases 
both are adsorbed more strongly than when present alone.®> 
Furthermore, an electrolyte is, as a rule, not adsorbed as a whole, 
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on account of ionic interchanges between the ions of a substance 
already adsorbed and those of a newly adsorbed electrolyte. 

The more complicated character of electrolyte adsorption is 
shown in an experiment which vAN BEMMELEN 7° described as 
early as 1881. He prepared manganese peroxide from KMnO4 
and sulphuric acid. The acid was washed out until it could no 
longer be detected in the wash water. When a solution of KCl 
was added to the manganese peroxide, the solution showed an acid 
reaction. It seemed, therefore, that the KCl was hydrolyzed. 

When a solution of new fuchsin in the form of its hydrochloric 
acid salt is adsorbed by blood charcoal,?’ the outside liquid becomes 
completely decolorized but appears to contain all the chlorine on 
the addition of HNOs and AgNOs. 

What happens in these two examples may be represented as 
follows: During the preparation of the manganese peroxide the 
latter adsorbs sulphuric 
acid in such a way that 
the SO4 ions condense on 
the surface of the peroxide. 
Opposite each sulphate 
ion there are two corres- 
ponding hydrogen ions, so 
that a particle of peroxide 
is surrounded by an elec- 
tric double layer, as 
sketched in Fig. 16. On 
the addition of a solution 
of KCl to the manganese peroxide powder thus prepared, an in- 
terchange occurs, the potassium taking the place of the hydro- 
gen; the hydrogen enters into the solution in an amount equiv- 
alent to that of the chlorine present, and as a result the 
outside liquid gives an acid reaction. Apparently the same thing 
happens when new fuchsin hydrochloride is adsorbed. Here, too, 
a displacement adsorption takes place. However, it is less 
clear what the original ion is which is replaced by the ion of new 
fuchsin. It is probably derived from the ash content of the 
charcoal, since the phenomena, in the form describéd above, do 
not take place in case the charcoal is entirely free from electrolytes. 

The adsorption of electrolytes, as sketched in these two cases, 
therefore, has not the one-sided character of the adsorption 
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phenomena discussed previously. The latter were related to the 
lowering of the surface tension, while here a displacement adsorp- 
tion occurs, electro-equivalent quantities being adsorbed and given 
off.28 For this reason we may characterize these two different 
types of adsorption as non-polar and polar adsorption. It goes 
without saying that in the case of polar adsorption electrical 
phenomena play an important rdle, which will be fully discussed 
in the next chapter. 

Since these two kinds of adsorption are quite different, the 
question might be raised whether it is reasonable to use the 
designation ‘‘adsorption”’ for both. By adsorption we mean, 
however, only an increase of concentration in the boundary layer 
irrespective of the mechanism by which this increase is brought 
about. 

The adsorption of electrolytes often takes the character of a 
permutite interchange; hence, it is clear that this process is not 
affected by non-electrolytes, which cannot take part in it 
(Micuagtis and Rona 28). Before this fact was demonstrated, 
however, Kruyr and van Durtn 79 had already observed that 
phenol was not entirely without effect on the adsorption of 
KCl by blood charcoal. Koutruorr °° has studied these matters, 
using ash-free sugar coal prepared according to the methods of 
BARTELL and Muiiumr,?! and has found that this substance 
adsorbs electrolytes only slightly, since no interchange is possible. 
Insofar as they are adsorbed, however, displacement, for instance 
by alcohols, really does occur, as we are then dealing even when 
using electrolytes with non-polar adsorption. The slight adsorp- 
tion of electrolytes in this case can only be ascribed to their 
adsorption as molecules; hence it is equivalent to that of non- 
electrolytes and is subject to displacement by non-electrolytes. 

11. Theory of Langmuir and Harkins.—Our insight into the con- 
dition of some substances in the adsorbed state, especially of those 
that are polar, has been considerably extended by the work of the 
aforenamed American investigators, who arrived, by different 
methods, and independently of each other, at the same conclusion, 
briefly formulated as follows: At an interface the molecules do 
not lie at random, but are oriented in a definite manner. 

First of all, the researches of Irvine LANGMurr ®? will be dis- 
cussed: A very small quantity of oil, placed upon the surface of 
water, will spread over the surface. When the amount of oil is 
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just sufficient to cover the surface, or is insufficient to do so, we 
may assume, on the basis of a theory advanced in 1899 by Lorp 
RayeicuH,** that the oil layer is one molecule thick. LaNcGmuIR 
used this phenomenon as a starting point, and studied it in two 
ways. 

Devaux *4 had previously performed experiments of the fol- 
lowing nature: A glass tray contains water (Fig. 17a). Upon 
the surface of the water are placed two strips of paper, A and B, 
covered with paraffin (to prevent the paper from being softened 
by the water). By moving A all the way across the tray into the 
position C, all impurities present on the surface of the water are 
removed. The second strip, B, now lies on the perfectly clean 
surface. A drop of oil, obtained by dissolving a measured quantity 
of oleic acid in benzene, 
is allowed to fall on the 
surface of the water be- 
tween the two_ strips. 
When the benzene has 
evaporated, a film of oleic 
acidremains behind. Care 
is taken to choose a proper 
amount of oil, so that the 
latter only partly fills the 
space between the two 
strips. The strip B is moved in the direction of A (Tig. 
17b) until the oil film just covers the area between the strips 
(Fig. 17c). To distinguish the oil-covered area from the clean 
water surface, a little tale powder is sprinkled upon it. By 
blowing gently, at an angle, upon the surface, the tale is made to 
collect on the oil film so that its surface can be plainly recognized. 

LancmMuiIrR measured the area covered by the oil. Thus he 
knew, on the basis of Ray.ercn’s theory, the area covered by a 
given number of oleic acid molecules. The number of molecules 
was found by dividing the weight of acid used (50 mg. in his 
experiments) by the molecular weight of the acid, and then mul- 
tiplying the quotient by 61 < 10??. 

What happens in these experiments may be best compared to 
the situation shown in the sketch, Fig. 18. Let us imagine a 
number of marbles placed in a large tray (Fig. 18a). By pushing 
the marbles toward each other by means of a movable partition, 
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we bring about the state of affairs indicated in Fig. 18b. By 
moving the partition still farther toward the left, we get the condi- 
tion shown in Fig. 18c. The behavior of the marbles in Fig. 18b 
is similar to the position of the 

oil film as represented in Fig. 

Lie 

By sharply distinguishing loo 0 000 og 
between the different condi- 
tions shown in Fig. 17, Lane- 
MUIR was able to perfect the kococcodl 
method of Devaux. By means 
of a special,balance, a method 
was developed which enabled bDBof 
him to measure the force acting 
on the strip A (see Fig. 17) as 
a function of the area between 
A and B, containing the oil film. Fig. 18. 

B is kept in its position by 
weights placed on the pan. The results of these measurements 
can be represented by curves of the type drawn in Fig. 19. 

The forces exerted on A (equal to the weight placed on the 

pan to keep the float B in position) are plotted as ordinates, while 

the corresponding areas are plotted 

as abscissae. Starting from the 

right, viz., the region of large areas, 

we notice that no force is required 

to keep the float in place. At the 

point S we find that it suddenly 

becomes necessary to apply a rapidly 

S increasing force (from S to A) for a 

Ex slight decrease in area. Beyond the 

Figs 19. point H no further increase in force 

is necessary to decrease the surface 

of the oleic acid. From here on, the curve runs practically in a 
horizontal direction. 

It is clear that the first part of the curve, as far as S, is com- 
parable with the situation of Fig. 18a. At the point S the 
molecules practically touch each other. Between S and H the 
monomolecular film undergoes its maximum compression, and 
further decrease in area causes the appearance of a second layer 


Pressure 
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of molecules, as in the situation sketched in Fig. 18c. Numerous 
determinations by Lanamuir always gave the same results. 
More precise measurements by ApAmM,®° who worked with various 
organic substances under different conditions, in the same type of 
apparatus as used by Lanamurr, led to results which were invari- 
ably the same. The gradual curvature below S may be explained 
as follows: The fatty-acid molecules on the surface are subjected 
to a movement of heat; hence, the film which is not yet completely 
compressed acts as a two-dimensional gas; in other words, 
the heat motion exerts a pressure in two dimensions. The curved 
part, therefore, indicates the force which is required to compensate 
this pressure whenever the area of the film is reduced. It is evi- 
dent that the curvature below S follows an equilateral hyperbola 
as expressed by Boyur’s law, since the product of the force 
exerted and the surface is constant. 

These measurements again confirm the existence of a mono- 
molecular layer consisting of a known number of molecules. The 
diameter of a molecule is found by dividing the area by the num- 
_ber of molecules; while the length of a molecule, perpendicular to 
the oleic acid-water interface, is derived from the quotient of 
volume and area. 

The dimensions of an oleic acid molecule, in the direction 
parallel to the interface and in the direction perpendicular to it, 
differ considerably. If the molecules were not oriented, this result 
would be inexplicable. Furthermore, it would not be clear why 
oleic acid spreads upon a water surface. These experiments and 
others have shown that only those substances that have an electric- 
ally polar group show this phenomenon. A saturated hydro- 
carbon, for instance, does not expand in the shape of a mono- 
molecular layer but stays on the water as a rather flat drop. It 
appears, therefore, that the polar group is attracted by the water 
and that the oleic acid molecules float upon the water with their 
long dimension vertical. 

Some results of LANGMUIR’s investigations are given in Table 
III. It may be seen that he studied acids differing in the length 
of their chains of carbon atoms. The second column gives the 
number of carbon atoms in the molecule; the third shows the 
diameter of the cross section parallel to the interface; while the 
last column tabulates the calculated length of the molecules, 
expressed in millimicrons (Imuz = 10-®mm.). In spite of the dif- 
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ference in length, the cross section of all molecules is the same, viz., 
0.56 my. The length, however, depends on the number of carbon 
atoms in the chain. These results have been confirmed by the 
recent investigations of MarcEin °° and Gruirrin.?? 


TABLE III 
Diameter of 
é Number of ; ; 
Acid used Cures cross section Length in my 
in mp 
Palmitic acid....... Cis 0.46 De 
Stearic acid...,.... Cis 0.47 Zo 
Cerotic acid......... Coe 0.50 33, Al 
Myricyl alcohol.... C30 0.52 4.1 


Following an entirely different train of thought, W. D. Har- 
KINs °§ arrived at similar conclusions: If a column of water with 
1 sq. em. of cross section (Fig. 20) is pulled in two, there are formed 
2sq. em. of new surface. Since 
the surface tension of water is 
73 dynes, the work necessary to 
pull the liquid apart is2 X 73 
ergs. Reunion of the two halves 
results in the liberation of these 
146 ergs; hence the work of 
cohesion (W..) for water amounts 
to 73 ergs per square centi- 
meter. 

If we divide a column of 
benzene (with a surface tension 
of 28 dynes per square centi- 
meter) having the same cross 
section, into halves, the work Fie. 20. 
of separation is 2 X 28 ergs, 
and restoration of the original column sets free 56 ergs. There- 
fore, W. is here 28 ergs per square centimeter. 

If one-half of the benzene layer is placed on top of one-half of 
the water layer, we obtain a benzene-water interface with an inter- 
facial tension oz, = 35 dynes per square centimeter. In order to 
break the new column at the interface, there would be required 


Benzene 
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an amount of work equal to 73 + 28 — 35 = 65 ergs per square 
centimeter; hence the work of adhesion (W,) for water-benzene 
equals 65 ergs. The work necessary to separate the two phases 
is, therefore, considerable; a great amount of potential energy 
must be overcome to break the contact. The question arises: 
What is the nature of this potential energy? Harkins infers 
that it is the energy required to keep the molecules oriented in a 
definite position. Polar groups always orient themselves away 
from the air toward the water. Polar groups obviously include, 
first of all, ionogen groups, such as the carboxyl radical, and 
also groups containing oxygen, nitrogen, sulphur, or halogens, 
viz.. —-OH, =O, —NHe, —SH, etc. These polar groups possess 
electric stray fields, and the free energy is a minimum when these 
stray fields occur in a space containing other polar molecules, 
whereby mutual compensation takes place. It may be stated in 
this connection that water has a very pronounced polar character. 

Data on aliphatic substances in particular give a good founda- 
tion for these premises. Let us see, for instance, what the cohesion 
is for hydrocarbons and their derivatives in which an end carbon 
atom is substituted. The value of W, in ergs is as follows: 


hydrocarbons: for all around 45 
monochlorides: for all around 47 
alcohols: for all around 55 


monocarbonie acids: for all around 57 


With respect to the adhesion of these substances to water, we 
find that their W, toward water is: 


hydrocarbons: for all around 44 
monochlorides: for all around 81 
alcohols: for all around 92 


monocarbonic acids: for all around 95 


These figures give rise to the following considerations: 

If a hydrocarbon column is broken into halves, no orientation 
takes place, for the reason that there are no polar groups present. 
The result is that W.is exceedingly low. If, however, there is 
a polar group present in the molecule, orientation occurs and some 
energy is required. But at the place of rupture the molecules of 
the boundary layer orient themselves with their non-polar hydro- 
carbon chains turned toward the air and the polar ends pointing 
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in the direction of the liquid; hence we separate two non-polar 
parts, which exert little attraction on each other, and consequently 
W.. is raised comparatively little (cf. Fig. 21 @ where the small 
circles represent the polar: groups and the narrow bands stand for 
the hydrocarbon chains).*? 

The separation of hydrocarbons from water takes place like- 
wise without orientation, because there is no directing polar group 
present in the hydrocarbon; hence W, for hydrocarbons is approxi- 


Fig. 21. 


mately equal to W,. The situation is, however, completely dif- 
ferent in the presence of a polar group, as is the case with alcohols, 
acids, etc. These groups turn toward the water, and a rupture of 
the interface implies that the attraction of polar groups must be 
overcome. Inspection of the above figures shows that in those 
cases W, is about 70 per cent higher than W, (cf. Fig. 21b; the 
slight solubility of these higher alcohols in water is indicated by 
the small number of molecules in the water phase). 

The polar character of double bonds is brought out by the fact 
that W, is higher for unsaturated hydrocarbons than for the cor- 
responding paraffins (W, = 43.8 for octane and 72.9 for octylene). 
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The benzene molecule, with its three conjugated double bonds, 
apparently lies flat on the surface of the water. We can, further- 
more, anticipate the results of substitution of polar groups in the 
benzene nucleus, and the data obtained by HARKINS are in excel- 
lent agreement with these expectations. A detailed account, 
however, falls outside the scope of this book. 

From the standpoint of Harkins’ orientation theory, we can 
readily understand several other facts. A polar group attached 
to a short hydrocarbon chain (for instanee, in methanol, ethanol, 
acetic acid, etc.) attracts the water so strongly that the hydro- 
carbon chain is dragged down into the water; hence these com- 
pounds are completely miscible with water. If the length of the 
hydrocarbon chain is considerable, the attraction is insufficient 
and, as a result, we find that the higher alcohols and fatty acids 
are partially miscible or practically insoluble in water. Only the 
polar groups of the molecules in the interface ‘‘dissolve”’ in the 
water, i.e., are immersed, oriented toward the water. 

It also becomes quite clear why W, is the same for all (higher) 
alcohols: the interface on the alcohol side always consists of OH 
groups and, on separating the layers, we do not, so to speak, pull 
the water away from the different alcohol molecules but from a 
layer of OH radicals, which is the same for all alcohols. 

Furthermore, the reason why polar organic compounds accu- 
mulate, i.e., are strongly adsorbed, in boundary layers, now 
becomes apparent. Let us consider, for example, a layer of ben- 
zene placed on water. On adding butyric acid to the system, we 
notice that this substance dissolves to a large extent in the benzene 
(organic substances generally are quite soluble in organic solvents), 
but only slightly in water, in spite of the fact that its COOH 
group is attracted by the water. Consequently, however small 
the concentration of the acid may be in the benzene layer, the 
butyric acid molecules move preferably toward the boundary 
layer where part of the molecule, viz., the carboxyl group, can 
remain in the water, and the rest, 1.e., the hydrocarbon chain, in 
the organic solvent. The result is, therefore, accumulation of the 
butyric acid in the interface, in other words, strong adsorption. 

The adsorption layer thus becomes a typical transition layer: 
the two media are separated by an intermediate layer which con- 
sists of a hydrocarbon radical on one side and a carboxyl group on 
the other. As a confirmation of the ancient adage “‘similia 
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similibus solvuntur”’ (like dissolves like), each part of the molecule 
dissolves in the medium that is like it. 

These conclusions will be very helpful in the elucidation of 
several colloid-chemical phenomena (for instance, those dis- 
cussed on pp. 99 and 188). 
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CHAPTER III 
CAPILLARY ELECTRICAL PHENOMENA 


12. The Capillary Electrode.—The term capillary electrical 
phenomena will be used here for those cases in which electromotive 
forces are influenced by processes that take place in the boundary 
layer and are related to surface tension and adsorption phenomena. 
The best-known example in this field is the capillary electrometer, 
a convenient form of which is shown in Fig. 22. 
It is based on the following principle: 

Two mercury electrodes, a and b, are con- 
nected by means of dilute sulphuric acid. One 
electrode has a large flat surface, while the 
other, which touches the sulphuric acid in a 
capillary tube, has a deeply curved meniscus. 
When a potential difference is set up between 
the two electrodes, capillary phenomena must 
take place at the mercury-sulphuric acid 
boundary. The interfacial tension, oc, will be 
lowered by applying electricity to the surface 
of the electrically uncharged mercury. This 
is readily understood when we realize that sur- 
face tension is the result of mutual attraction Fig. 22. 
of surface elements; addition of an electric 
charge causes a repulsion of surface elements; hence any electric 
charge (whether positive or negative) will cause lowering of the 
surface tension. If, then, by charging the mercury, the surface 
tension is lowered, the mercury will descend in the capillary. 
When the movement of the mercury surface is observed through 
a microscope, the instrument sketched in Fig. 22 serves as a very 
useful electrometer. For a good understanding of the capillary 
electrode, we should know that the mercury already has an initial 
positive charge with respect to the sulphuric acid, as is easily seen 
from Nernst’s theory of solution pressure. Before the applica- 

wl 
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tion of an electrical tension the electrode is already charged; 
hence the addition of a larger positive charge will bring about a low- 
ering of the mercury level, while the addition of negative electricity 

will act in the sense of lowering 
P the electrical tension, and hence 
the mercury will ascend. If the 
added charge just balances the 
existing charge the surface tension 
will be a maximum. Further addi- 
tion of negative electricity will cause 
lowering of the meniscus. This is 
graphically expressed in Fig. 23. 
It follows that a maximum in the 
electro-capillary curve is character- 
istic of the uncharged condition of an electrode, thus permitting 
the absolute measurement of another. 

It cannot be denied, however, that the theory of this electro- 
capillary has several defects. The maximum of the curve, and 
also its symmetry, are influenced by added substances. In spite 
of numerous investigations and various theoretical discussions, 
the behavior of the electrode is not yet understood in all details.? 


Potential 


Hig. 23: 


13. Capillary Electrical Phenomena.—There are four more 
phenomena in which electrical potentials occur as a result of 
peculiar conditions in the boundary layers. These potentials 
can be increased or decreased, depending on phenomena which 
are evidently closely connected with those of adsorption and 
colloid chemistry. The phenomena referred to are as follows: 
electro-endosmosis; potential of flow (also called streaming 
potential); cataphoresis; and migration potential (potential of 
moving particles, or Dorn effect). 

The remarkable thing about these phenomena is that they occur 
at boundary faces not involving any metals, and consequently 
differ considerably from potentials of a galvanic nature. 

Electro-endosmosis is the phenomenon that takes place when 
we dip a porous pot, filled with water, into a large volume of water, 
and apply a potential difference between the liquids inside and 
outside the pot. It appears then that a flow of liquid occurs in 
the direction of the negative electrode (Fig. 24). 

Potential of flow is, in a sense, the counterpart of electro- 
endosmosis. If water is forced through the walls of a porous pot, 
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a potential difference is set up between two electrodes placed on 
either side of the porous wall, as a 
result of the flow of the water. 

Cataphoresis denotes the movement 
of small particles suspended in a liquid 
when a potential difference is set up 
between two electrodes dipping in the 
liquid. 

The phenomenon knownas migration 
potential is the converse of cataphoresis. 
Electrical tensions are set up as a result 
of the movement of particles through a 
liquid. Since this motion is difficult 
to realize, this so-called Dorw effect has Fra. 24. 
been little studied. 

A summary of these four phenomena is given in the table below. 


TABLE IV 
CaPILLARY HLECTRICAL PHENOMENA 
Phenomenon As a result of Name 
Movement of the liquid | Applied E. M. F. Electro-endosmosis. 
with respect to the solid 
wall. 
Movement of the wall (of | Applied E. M. F. Cataphoresis. 
the particle) with re- 
spect to the liquid. 
E. M. F. set up. Flow. of a liquid with | Potential of flow. 
respect to a wall. 
E. M. F. set up. Movement of the wall | Migration potential 
(of the particle) with (Dorn effect). 
respect to the liquid. 


The last two phenomena are not confined to liquid dispersion 
media, nor is it necessary that the moving particles be solid. 
Emulsified drops will likewise behave in this manner. Even 
when these drops occur in the atmosphere, we may expect these 
phenomena: By cascade electricity we mean, for instance, the 
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E.M.F. existing between a freely flowing stream of water and the 
surrounding air. 

In the sections that follow, the first three phenomena will 
be more fully discussed. 


14. Electro-endosmosis.—In studying the phenomenon of 
electro-endosmosis, it is desirable not to operate with a porous 
pot having a great many capillaries, but to choose:a single capillary 

for performing the 

* experiments. This 

a XW —_ OA = was done by Euis- 
SAFOFF.? The meth- 

ot ms od he used is sche- 

Fie. 25. matically represent- 

edvin=Hig.25< sDhe 

movement of the liquid was measured by means of a moving air 
bubble. To avoid polarization phenomena, the electrodes did 
not dip into the liquid but were placed in air, close to the ends of 
the capillary. The large resistance offered by the air necessitated 
the use of a frictional electrical machine to produce a sufficiently 
high potential. If we imagine that the process consists in a move- 
ment of the liquid with respect to the glass wall of the capillary; 
as the result of an applied electromotive force, the liquid must 
have an electric potential with respect to the wall. Evidently, 
an electric double layer exists at the interface of liquid and wall, 
as shown in Fig. 26. It is assumed that the negatively charged 


HiGwe2O. 


ions all stick to the wall. Why, in the case of an electrically 
charged body without pronounced polar character, the wall is 
always charged negatively with regard to the water, is a question 
that will be left open for the present. We might imagine that the 
OH ions of the water are more strongly adsorbed than the H ions, 
and that consequently a double layer is formed as shown in Fig. 
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26. While this idea will be accepted for the present, the matter 
will be discussed in more detail on page 96. 

If a potential difference is applied to the electrodes, the liquid 
may be considered as being positively charged and hence as moy- 
ing in the double layer toward the negative electrode. 

It goes without saying that, in case the wall has a strongly 
polar character, the sign of the preferentially adsorbed ion is 
determined by this polarity. For instance, if the wall is made of a 
substance with decidedly basic 


character, it will be charged 

positively. Prrrin * studied Se eee 
the sign of the electro-endos- +@ on 
motic movement for walls of +@ or 
various materials, for instance, (+) + @ on- 
of AleO3, which evidently is = + @ oH” 
charged positively with re- = +@ oH z 
spect to the liquid, with the === % (4) +@ On” s 
result that the latter flows +@or" 
toward the anode. Fig. 27 +@ on” 
gives an idea of the condi- =————— ae ae 
tions that are supposed to oe 
exist at a wall of this material. (3) ic. on 
PerRRIN found that, besides this + @ or 


oxide, barium carbonate is like- 
wise positively charged, while 
sulphur, silicates, and glass 
acquire a negative charge. Comparatively neutral substances, 
like naphthalene, carborundum, and cotton, also belong to this 
group. 

In colloid chemistry, we are interested, first of all, in the effect 
of electrolytes on electric charges (see p. 9). The investigations 
of Perrin, and, more especially, those of Exissarorr brought out 
the fact that the ion that carries a charge opposite to that of the 
wall determines the effect of the added electrolyte. The greater 
the valence of this oppositely charged ion, the stronger its dis- 
charging effect on the electric double layer; the valence of the ion 
of like charge plays a subordinate part. 

This rule holds, however, only for simple ¢norganic ions, with 
the exception of the heavy metals, which behave similarly to or- 
ganic ions by exerting a much stronger discharging effect; the 


Fig. 27. 
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same is true of the hydrogen ion and the hydroxyl ion. Further- 
more, Exissarorr found that the charge of the wall could be 
easily reduced to practically zero by electrolytes but that a reversal 
of the charge could seldom be accomplished. In the table below 
are given some of ELissSarorr’s results. 


TABLE V ’ 


VELOCITY OF THE EHLECTRO-ENDOSMaTIC MOVEMENT 


Concentration in p-moles per liter * 
Electrolyte 
0 5 10 20 50 225 | 4000 
INS Cig ea merece teen: 50 48 46 44 38 26 5 
eal eels OV eo Spear ovale 50 47 44 Aleph ee 26 8 
IN Oyen arace oe ore 50 Ho Mia | Wiese re 29 23 
PNAS LO Peas net Airs eee ee 50 40 32 29 27 
(rystalyioletienec ss ee Op Hise-aiees | ay merce 29 4 + 
BAC yee: ee mnths 50 ABS os nae 29 
PATS(SO2) 7 an et oe BO ih 20 5 3 0 
AWA ONKORMrein oo eetede duce 50 4 + 
INEKOMBIIG ooo sansa. twew OU aley eer ae ee ere 99 99 


* 1 uw-mole (micromole) =10~6 mole. 
+ Means that the liquid flows towards the + electrode. 
{ With quartz capillary. 


The monovalent ions listed in the table lower the negative 
charge of the glass wall to practically the same extent, irrespective 
of the anion with which they are paired. On the other hand, we 
see that the cation of a heavy metal, like silver, discharges more 
strongly than sodium. Likewise, the hydrogen ion has a stronger 
discharging effect than that which would correspond to its valence. 
The hydroxyl ion, although naturally combined with a cation, 
occupies an exceptional position regarding capillary electrical 
processes by imparting a negative charge far exceeding the positive 
charge imparted by the sodium ion. The hydroxyl ion furthers 
the process of electro-endosmotic movement’ quite noticeably. 
Organic ions appear to have an exceedingly high discharging 
power. 
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All these results strongly confirm the impression that we are 
dealing here with adsorption processes. We saw, for example, on 
page 35 that all inorganic substances, with the exception of the 
heavy metals, the H and the OH ion, are slightly adsorbed, while, 
on the other hand, organic substances, especially polycyclic com- 
pounds, are quite strongly adsorbed. The same order evidently 
comes to light when we study the discharging effect of ions. 

Furthermore, it is interesting to note that some of these ions 
are able to reverse thé charge of the double layer; it appears, for 
instance, that the Th*++++ ion, in concentrations exceeding 10 
u-moles, turns the negative charge of the capillary into a positive 
one. The organic ion of crystal violet has the same effect. Hence 
a strong discharge may lead to a reversal of the initial charge. 

15. Flow Potential—This phenomenon, too, is preferably 
studied with the aid of a capillary tube instead of a porous pot. 
When water is forced through the tube an electromotive force is 
set up between two electrodes placed on either side of this capil- 
lary. The investigation is suitably carried out in an apparatus of 
the type shown in Fig. 28. Comparatively high potentials can be 
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obtained. For instance, when using water prepared for con- 
ductivity experiments, we find that this potential amounts to about 
25 volts for each atmosphere of pressure exerted on the liquid. 
Kruyt * has made a study of the effect of dissolved electrolytes 
on these flow potentials. His results are given in Table VI and 
represented graphically in Fig. 29. The flow potentials are 


expressed in millivolts per centimeter mercury pressure: P We 


notice that added electrolytes reduce the flow potential. Since 
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the liquid flows toward the negative electrode, it is positively 
charged with respect to the wall of the capillary; hence, the cation 
is the one that has a charge opposite to that of the wall. Here 
again, the influence of the valence of this ion is quite evident. 
At the same time, it is seen that the triple charge of the aluminium 
ion is capable of reversing the charge. 


TABLE VI 


FLrow PoTentTiIALs * 


Potential in 


Concentration millivolts 
Electrolyte 3 en See 
u-moles per liter} Pressure in 
cm. mercury 
0 350 
50 102 
_ 100 57 
KClas Bee 20 23 
500 13 
1000 t 
0 350 
10 139 
25 79 
Ba Gla tetera. ' 50 44 
100 25 
200 9 
1000 i 
0 350 
0.5 52 
1 + 42 
2 +122 
AIC) s tastean nome 3 +129 
4 +100 
10 + 52 
100 + 6 
500 + 1 


16. Cataphoresis.—Experiments on cataphoresis give results 
similar to those mentioned in previous sections. 

The sign of the charge of a particle moving under the influence 
of an electric potential is determined by the nature of the material 
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of which the particle consists. If this has a neutral or an acid 
character, the particle is negatively charged, while metallic oxides 


400 500 
conc. 4 MoLp. Ly 


+100 


Fig. 29. 


and other substances of a more or less basic character are positively 
charged. 


Fia. 30. 


Figure 30 represents schematically a particle with its electric 
double layer, in agreement with the data of the previous sections. 
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The influence of added electrolytes on particles of an oil emul- 
sion was studied extensively by Exiis® and by Powis.® Their 
results are completely in line with the discussion on the preceding 
pages, and here again the effect of various ions can be related to 
the manner in which these substances are adsorbed. 

The measurement of cataphoretic velocity can be carried out 
in two ways, which are based on different principles.’ Whenever 
it is possible to see a distinct boundary 
between the colloidal solution and the 
contact layer of the pure dispersion 
medium, the migration of the interface 
under the influence of an electric poten- 
tial can be measured. This method, 
therefore, depends on observation of the 
movement of the particles as a whole. 
Fig. 31 shows the apparatus used for this 
purpose, as constructed by Burton.’ The 
two electrodes are placed in the pure 
solvent, which occupies the space above 
the colloidal solution. The filling takes 
place through a connecting funnel. Vari- 
ous investigators have modified this 
apparatus more or less. Measurements 
by means of this method are subject to 
several difficulties, and its applicability 
is limited to sols that are sufficiently 
colored to enable one to discern the 
boundary layer. The latter often changes 
its appearance during the experiment and 
thus prevents accurate measurements. 

The second method consists in the 
observation of a single particle. The 
sample is watched under the microscope® or else under the 
ultramicroscope !° (depending on the size of the particles) and 
arrangements are made to follow the cataphoretic movement. 
microscopically. The object under observation must be placed 
between two electrodes. This method has likewise been applied 
in various forms. The principle is shown in Fig. 32. Since the 
particles are in Brownian movement, it is always necessary to take 
the average of a large number of observations. In this method in 
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particular, and to some extent in the one previously described, a 
serious complication comes to the fore, viz., the electro-endosmotic 
flow of the liquid along the walls of the container in which the 
cataphoretic movement of the particles is observed. For instance, 
if negatively charged particles fill the space between the glass 
walls, the particles move toward the anode, while the liquid flows 


Cover glass Slide 
HIiGy 32. 


along the walls toward the cathode, as stated in Sec. 14. This 
flowing liquid carries particles along; as a result, we get, starting 
from the wall, first particles moving in one direction, then station- 
ary particles, and in the center particles flowing in the opposite 
direction (Fig. 33). Observations taken at various distances from 
the wall enable us, however, to calculate the true cataphoretic 
velocity.!! 


oe 


Inve, BB}, 


17. Migration Potential (Dorn effect)—The movement of 
particles may be brought about by the force of gravity. We 
then measure the potential difference between an electrode placed 
at the top and another one placed at the bottom of the column of 
liquid through which the falling particles are moving. This 
method is difficult to carry out and has as yet given purely quali- 
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tative results. One of the most recent investigations is that of 
Burton and Currte.!” 
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Suspensoids 


CHAPTER IV 
STABILITY OF SUSPENSOIDS 


18. Charge and Stability—The fact that colloidal systems 
placed between two electrodes show the phenomenon of cata- 
phoresis was first firmly established in 1892 by LinpErR and 
Picton. ~ 

Burton,” while investigating this phenomenon in 1906, 
studied the influence of an added aluminium salt on the cata- 
phoretic velocity of the particles of a gold sol, and showed how, 
at the same time, the stability of the sol changes. In the table 
below, these results are reproduced. 


TABLE VII 


Milligrams | Cataphoretic velocity in 


: Property of the sol 
Al per liter} per volt per cm. per sec. oP. 


0 330 (towards anode). Indefinitely stable. 
0.19 171 (towards anode). Flocculated after 4 hours. 
Seen eee 0 Flocculated immediately. 
0.38 17 (towards cathode). | Flocculated after 4 hours. 
0.63 135 (towards cathode). | Not yet completely flocculated after 
4 days. 


It is seen that the cataphoretic velocity at first decreases when 
aluminium chloride is added, is then reduced to zero, and on further 
addition increases, obviously because of a reversal in the charge of 
the particles. The last column of the table shows that the stability 
of the sol decreases as the cataphoretic velocity diminishes, while 
the uncharged particle is apparently completely robbed of its 
stability. 

These experiments of Burton confirm the results obtained by 
Harpy ? in 1900, which had been vigorously opposed in the inter- 
mediate years.4 Harpy found that the sol of denatured egg 
albumin, i.e., the sol of well-dialyzed egg albumin which has been 
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transformed by heating into denatured albumin, undergoes dif- 
ferent changes, depending on whether acid or alkali is added to 
the sol. With acid the sol is positively charged and stable; with 
alkali it is negative but likewise stable. In the absence of either, 
the sol flocculates. 

On the basis of these experiments, Harpy had already expressed 
the opinion that a colloidal solution can only be stable when the 
particles possess an electric charge. Deprived of their charge, 
the particles unite to form flakes which separate from the sol. 
The flocculation, according to Harpy, takes place at the zso- 
electric point. 

Later investigations of Powis ° have indicated, however, that 
it is not necessary to deprive the particles completely of their 
charge in order to bring about flocculation. A lowering of the 
potential of the interface to a certain characteristic value, which 
Powls calls the critical potential, is sufficient to produce floccula- 
tion. A certain oil emulsion showed a potential difference in the 
electric double layer amounting to 46 millivolts. Lowering of 
this potential to 30 millivolts caused the oil drops to unite in such 
a way that separation from the water resulted. In the case of 
the sol of AseS3, Powis © succeeded, at least in part, in confirming 
his previous results. 

The data obtained by Harpy, Burton, Powis, and others 
have an important bearing on colloid chemistry, and particularly 
on suspensoids. For this group of colloids, it has been clearly 
demonstrated that the stability of the sol is governed by the electric 
charge of the particles. The condition of such a sol, and the 
manner in which its stability is destroyed, may be represented as 
follows: 

We are dealing with colloid particles which are protected, by 
the electric charge of the double layer, against actual collisions. 
The particles are in a state of vigorous motion and approach one 
another repeatedly, but the spheres of their electric potential do 
not penetrate one another on account of their equal signs. These 
prevent the action of the superficial forces at the boundary of the 
particles and hence the particles cannot unite. The more the 
electric charge of the particles is decreased, the smallér the inter- 
ference. If no charge were present, each collision would result in 
aunion. Under those circumstances the “ probability of adhesion”’ 
of the particles, i.e., the ratio of the number of adhesions to the 
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total number of collisions, would be one. In case the potential of 
the boundary layer possesses a certain value, the collisions will, 
as a rule, be without results. Only particles that happen to have 
a high speed will be able to penetrate the repelling sphere and cause 
adhesion.* In that case the probability of adhesion will have a 
value between 0 and 1. 

The mechanism of flocculation is, therefore, determined by the _ | 
probability of collision and the probability of adhesion. The former | 
depends mainly on temperature and concentration; the latter, in 
the case of suspensoids, obviously on the electric charge. 

The principle of Harpy and Powis, consequently, applies 
only to these colloids for which the probability of adhesion is 
exclusively a function of the electric charge. 

Elsewhere in this book we shall see that the probability of 
adhesion in the case of emulsoids depends on one more factor. 
The opposition which Harpy encountered had its origin in the 
study of colloidal systems in which the probability of adhesion 
did not depend solely on the electric charge. 

Most investigations dealing with the influence of electrolytes 
on the stability of a sol consisted in the determination of the so- 
called limiting values (also known as flocculation or precipitation 
values). By limiting value is usually meant the number of milli- 
moles of electrolyte per liter necessary to precipitate the sol com- 
pletely in a stated time. It is customary to compute the con- 
centration for the total volume of sol plus added electrolyte. 

To determine the flocculation value, one may place 10 ce. of 
sol in each of a number of small beakers, and then add to each 
10 cc. of electrolyte solution. These electrolyte solutions are made 
up beforehand in different concentrations. At the end of a defi- 
nite time one ascertains in which cases complete precipitation has 
occurred. A second series is then started, with concentrations 
ranging from that of the last beaker showing incomplete floccula- 
tion to that of the first in which complete precipitation occurred. 

The most suitable time for ascertaining the flocculation depends 
on the nature of the sol. In general, the conditions are chosen in 
such a way that the results are easily reproduced. To this end it 
is not sufficient merely to make observations after a fixed period, 

* The average velocity depends, of course, on the temperature, but the 


numerical value of the velocity of a given particle is accidental, in accordance 
with MaxweELu’s distribution law as will be further discussed in Sec. 38. 
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say, one or two hours, but the same method of adding and shaking 
should be followed each time. 

It is not certain that this method of determining the precipita- 
tion value will exactly realize the condition of the critical potential. 
However, experiments dealing with the speed of flocculation (to be 
discussed on p. 113) have shown that the potential of the particles 
in a beaker that shows complete flocculation agrees fairly closely 
with the critical potential, and if it varies at all it differs only by a 
small constant amount. : 

Table VIII gives the flocculation values for the AseS3 sol 7 and 


for the gold sol.§ 


TABLE VIII 


FLOCCULATION VALUES 


Flocculation Flocculation 
Electrolyte value ps Electrolyte value = 
millimoles millimoles 
per liter per liter 
Monovalent Divalent 
cations As,S; | Au cations As,S; | Au 
DiC lee gee ene. 5S mul ea MgSO; 0.81 
INa Clever ete see 51 24 Mg Glo ya rete tee 0.72 
Cee 5) AOE Pyne eee SO eae ae CaGle Deal ic eee 0.65 | 0.41 
VSNO Psa ee 50 25 Sr@le ioc ea eee 0.63 
KOS O seu eee eeeen ree 63 23 (Ba Glaweroe-= setae eee 0.69 | 0.35 
Ack Ol Ar dan ee eek | 0.68 
(UO) (NOs) EHi eas aie 0.64 2.8 
FC peri arate hted a1 31 5.5 Quinine sulphate......... | 0.24 
UB bre Oyiar odie 2 As Smee eke 30 Benzidine nitrate......... | 0.09 
Aniline chloride.......... 2.5 CUSOi ea ane ees een 0.015 
Strychnine chloride...... 0.5 pd Glotackoragne ee nes ie 2 0.007 
Morphine chloride....... 0.4 0.54 PhOUNOS)es3e cctirot en cae oe triacs 0.002 
Crystal violet........... 0.16 
New: SUGHSIN tye i ees 0.11 | 0.002 
Trivalent Tetravalent 
cations cation 
CLA Rene ede Gree On093 |e ANNONLO Roast osoc 0.090 
INTOMO) ie ors Ab ced < 0.095 ; 
PAT (SOs) gaara tee 0.096} 0.009 
G@e(NO?) sac eee 0.080} 0.003 
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Looking over the figures in large type, we find the following 
facts. Both sols are negatively charged; the added anion, which 
also has a negative charge, apparently plays a subordinate réle 
in the flocculation process. On the other hand, the valence of the 
cation governs, to a large extent, the flocculating power of the 
added electrolyte. In the case of the AsoS3 sol, we notice that all 
three alkali metals give a flocculation value around 50 millimoles, 
and the alkaline earths’ a value approximating 0.68 millimole, 
while aluminium and cerium give values in the neighborhood of 0.1 
millimole. A similar order comes to light in the case of the gold sol. 

The electrolytes printed in small type do not fit into this simple 
scheme. The hydrogen ion, organic ions, and those of the heavy 
metals have a greater flocculating power than that which would 
correspond to their valence. 

FREUNDLICH ? has developed a theory which enables us to 
understand, not only why the flocculating power increases with 
the valence of the oppositely charged ion, but also why it increases 
so disproportionately. Assuming the flocculation value, in the 
case of AsoS3, for aluminium, to be 1, we find that the value for 
barium is about 7, and 
that for potassium over 
500. 

FREUNDLICH’S line of 
thought is based on the 
idea that all inorganic 
ions of light metals, and 
likewise the inorganic 
anions, are adsorbed to 
the same extent. The 
heavy adsorption  iso- 
therm in Fig. 34 rep- 
resents, therefore, the 
common isotherm for all 
inorganic ions (with the exception of those of the heavy metals). 
In the graph, the concentrations are plotted in moles per liter as 
abscissae, while the ordinates express the number of millimoles 
adsorbed per gram of adsorbent. 

On page 58 we saw that a particle showing cataphoresis owes 
its charge to an electric double layer. When an added electrolyte 
removes this charge depending on the valence of the oppositely 


Millimoles adsorbed per gram. 
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charged ion, it is reasonable to assume that the latter attacks the 
charge of the double layer, resulting in an interchange of ions (as 
discussed on p. 40) and a disturbance of the double layer. 

If we assume that an amount Ajc; (Fig. 34) of a monovalent 
cation is required to lower the charge to the critical potential, it 
is obvious that half that number of moles of a divalent ion (Agc2) 
and one-third that amount (A3sc3 = 4A1c1) of a trivalent ion will 
be necessary. | 

The equilibrium concentrations correspanding to these adsorbed 
quantities, c), c2, and cz, do not merely decrease with increasing 
valence, but the peculiar shape of the adsorption isotherm brings 
about strongly disproportionate concentrations in the liquid when 
the amounts adsorbed are in simple ratios. 

When we are dealing with strongly adsorbed ions, another 
adsorption isotherm, as drawn on the left in Fig. 34, represents 
the actual conditions. An amount A.c, is now adsorbed at a 
much smaller concentration, c,, and the same discharging effect 
therefore takes place at considerably lower concentration. This 
explains why the electrolytes printed in small type in Table VIII 
have much lower flocculation values than other ions of correspond- 
ing valence. As we saw previously, the hydrogen ion, organic 
ions, and those of heavy metals are precisely the ones that are 
more strongly adsorbed than other ions (see p. 57) and hence 
must follow an adsorption isotherm with steeper slope. As a 
matter of fact, it was found by experiment that these ions are 
adsorbed by AseS3 powder in the same order as that in which they 
are listed with regard to their flocculation values. Table VIII 
gives the flocculation values for various organic ions; and, as 
FREUNDLICH was able to show, of these ions, that of aniline 
chloride is least adsorbed while new fuchsin is adsorbed best of all. 

The last-named ion, viz., new fuchsin, is well adapted for 
demonstrating that flocculation really takes place by adsorbing 
the ion of opposite charge. On adding to an AsoSs sol, placed in a 
series of beakers, increasing amounts of a solution of new fuchsin, 
we observe that the liquid in which complete flocculation occurs 
becomes colorless and, furthermore, we notice that the precipitated 
flakes do not show the color of the arsenic trisulphide but are dis- 
tinctly purple. Flocculation is thus accompanied by precipita- 
tion of the colored ion. The chlorine appears to be left in the super- 
natant clear liquid (see p. 40). 
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Our knowledge of capillary electrical phenomena (see Chapter 
III): leads us to believe, however, that the ion of like charge is not, 
entirely without influence on them, particularly when anion and 
cation show a striking contrast in adsorbability, or when they 
differ in valence. In determining flocculation values, we find, for 
instance, that anions having a strongly negative character raise 
the flocculation value of a negatively charged sol to a certain 
extent. In Table IX, flocculation values are given for a number 
of salts the anions of which differ greatly in character. The con- 
nection is clear without further comment. 


TABLE IX 
Flocculation 
Electrolyte value Nature of anion 
As.S3 
Potassium citrate” ~~..| > 240 Organic, strongly adsorbable, poly- 
valent 
2Cetaueman aes 110 Organic, strongly adsorbable 
formiate~.... 86 Organic, strongly adsorbable 
sulphate—~... 66 Inorganic, divalent 
chloride-.... 50 Normal 
lOO GRAS ee goa 50 Normal 


The same remark evidently applies to heavy metals. This 
was already brought out in Table VIII in the effect of Cu, Pd, 
and Pb ions on the gold sol. In the case of the sol of arsenic tri- 
sulphide, it is difficult to show this phenomenon on account of the 
hydrogen sulphide present in the dispersion medium, which reacts 
with the salts of heavy metals. Table X presents some data for 
the sol of HgS,!° which on hydrolysis produces much less hydrogen 
sulphide. Here again, we notice the powerful flocculating action 
of the ions of the heavy metals. Morawrrz!! showed that 
heavy metals are, in fact, more strongly adsorbed than light ones. 

Concerning positively charged sols, very similar statements 
can be made. In Table XI are listed the flocculation values 
obtained with various salts, for the sol of Fe203.12 The mono- 
valent anions form one group, while the divalent belong to another 
group. The influence of the cation is subordinate in this case. 
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It is immaterial, for instance, whether the chloride is present as 
sodium chloride or as barium chloride. The differences in 
flocculation value for these two salts are not in excess of those met 
in Tables VIII and IX. The OH ion occupies an exceptional 
position, corresponding to the abnormality presented by the 
H ion in Table VIII. 


TABLE X 


FLOcCULATION VALUES FOR THE gS Sou 


Electrolyte Electrolyt 
apie Aas Flocculation tpiettes Flocculation 

Monovalent cations oe Divalent cations re 
ING Cli ee hs. teens 13 Sr@lon se een eye ee ane 0.88 
KG eA paar crys t Bet cates | 10 Babisse enue ees oe 0.68 
INE CLe Sy. ieee 10 (UOSGINOS) steceaieaeeen 0.79 
AQNQO sremiee tek cere ee 0.44 Hog Clive miter ee ee (ais 
CIN Ope Ae ee cue eter 0.14 AKIN acdantecoevor 0.050 
HoeNO pete. rad sees 0.07 CuSO wines eee 0.047 


TABLE XI 


FLOCCULATION VALUES FOR THE Fe:O; Sou 


Hleniroly tos Floeculation 
values 
1G es are 16 
KIN Oggee ee 12 
KBr ee 12 
begs KCI, 9 
; ; INE COUR ya ee 9.2 
4Ba(OH)>..... 0.4 
ONO ers: 0.20 
Divalent ARIS OS hese 0.22 
anions MgSO aan cee 0.22 
K2Cr.0, Car hn 0 19 


The close connection that exists between valence and floccula- 
tion value is well illustrated by an investigation of Kircuimatsu 


Sec. 19, ELECTROLYTES CARRIED BY FLOCCULATING SOL 73 


Martsuno.!? Precipitating the AseS3 sol by complex cobalt salts 
having cations with different valences, he found that the follow- 
ing concentrations were required: 


monovalent complex salt 5000 yu-moles per liter 
divalent complex salt 160 y-moles per liter 
trivalent complex salt 22 u-moles per liter 
tetravalent complex salt 5 u-moles per liter 
pentavalent complex salt (missing) 
hexavalent complex salt 0.7 u-mole per liter 


The fact that a value of 5 millimoles is found, instead of 50 
(cf. Table VIII) for a monovalent salt is due to the different 
technique followed by Matsuno. Instead of determining the 
concentration necessary for complete flocculation, he measured 
the so-called threshold value, viz., the amount required for initial 
flocculation. This value plays the same part as the ordinary 
limiting value; but it corresponds to another (lower) equivalent 
adsorption and another (higher) critical potential, called first 
critical potential, as distinguished from the second which we have 
heretofore called the critical potential and which will be so desig- 
nated throughout the text. 

19. Electrolytes Carried Down by the Flocculating Sol.—It 
was mentioned in Sec. 18 that we could render visible the “ carrying 
down” of the ion of opposite charge for new fuchsin. It is, 
however, also feasible to follow this ionic precipitation quantita- 
tively. 

As early as 1901, Wurrnry and Oxsrr 4 observed that when 
an AseS3 sol is precipitated with BaCle the precipitate contains 
barium but no chlorine. Before flocculation, the solution con- 
tained 0.1675 g. of barium, and afterwards 0.1523 g. For the 
chlorine, the amounts were 0.0865 g. and 0.0863 g., respectively, 
i.e., practically the same. 

This transport of electrolytes enables us to check the theory 
of FreunpDLIcH accurately. Let us first form a mental picture of 
the mechanism of the flocculation process. 

The colloidal particle carries its electric charge in the form of 
an electric double layer. In Fig. 35 is schematically reproduced 
the condition of an As2S3 particle as it occurs in the sol. We 
assume that the charge is primarily due to the hydrogen sulphide 
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which has been (either completely or in part) adsorbed in the 
preparation of the sol. As a result the hydrogen and the sulphur 
ions are oriented in an electric double layer. 
The sulphur ions are found on the inside, 
next to the particle, while the hydrogen ions 
are located in the outer shell. On the addi- 
tion of barium chloride the particle pref- 
erably adsorbs the barium ions. Conse- 
quently, the orientation of the boundary 
ions is disturbed and the charge disappears. 
At the same time, the hydrogen ions, no 
longer attached electrically to the sulphur 
ions, replace the barium ions in the dispersion medium so that the 
latter, after the flocculation, has an acid reaction. 

For the removal of-the electric charge originally present, there 
is required, of course, a definite amount of positive electricity or, 
in other words, a definite number of ions. Moreover, it has 
already been explained, in connection with Fig. 34, that equiv- 
alent amounts of ions of different valence must be adsorbed in 
order to produce the same lowering of the interfacial potential. 
These amounts are expressed in the quantities of the flocculating 
ion carried down by the precipitate. 


TABLE XII 
AMOUNT OF CaTION ADSORBED BY THE As2S3 SOL AT THE FLOCCULATION 
VALUE 
Adsorbed 
Flocculation milli- 
Ton value in equivalents 
millimoles of cation 
per liter per 25 g. 
of AsoSs 
Ee tet pee Ra Ue pede 50 2.05 
AN TING eee a ee eee Ded 1.85 
New fuchsint......... 0.1 1.90 
Gat igen at conaietteeens 0.6 2.00 
SET Ee hate eae 0.6 200009 
Base renee amet 0.6 2d 
WiQ arise nme Aer ep ren tater: 0.6 2.20 
Oe dawn sta late 7 tari he 0.09 Liz 
[en ee ee eel 
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In Table XII are given the quantities of ion (expressed in 
milli-equivalents) adsorbed by the precipitates formed when con- 
centrations equal to the flocculation values are added to the sol.!5 

From these data it is seen that, in spite of their widely varying 
flocculation values, practically electro-equivalent amounts of dif- 
ferent cations are adsorbed. Thus, while the flocculation values of 
potassium and new fuchsin are in the ratio of 500 : 1, the adsorbed 
amounts differ only by.a few per cent. The slight discrepancy 
in the values of the last column must be ascribed to the consider- 
able experimental difficulties. 

An analogous investigation for the HgS sol did not furnish 
such good results as those presented in Table XII; nevertheless, 
they do not conflict with the theory outlined on the preceding 
page '® which was undoubtedly well supported by the data giver 
in Table XII. 

Experiments carried out on the positively charged Al2O3 sol 
led to satisfactory results as regards the equivalence of the ions 
adsorbed at the flocculation values.!” 

20. Flocculation Value and Concentration of Sol.—The 
mechanism of the flocculation process becomes more apparent 
when we examine the manner in 
which the flocculation value de- 
pends on the amount of colloid 
material present in the sol.1§ 

When we prepare As2S3 sols by 
diluting a given sol with water, 
and then investigate the floccula- 
tion values for these sols of different 
concentrations, we obtain the fol- 
lowing results (Fig. 36). The com- 
mon point indicates the flocculation 
value for K, Ba, and Al, each time 
taken as unity. The figure shows 
that dilution of the sol raises the aS fe 
~flocculation value for K, and towers Grams in 1 K.G. of sol 
it for Al, while Ba occupies an in- Fie. 36. 
termediate position. 

One might be inclined to reason a priori as follows: 

Let Fig. 37a represent schematically a sol of a given con- 
centration. 
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In Fig. 37b the same sol is sketched, having twice that con- 
centration. . Flocculation occurs when each particle has adsorbed 
a certain quantity. This quantity (a) is adsorbed at a concen- 
tration x. Representing 
the flocculation value in 
the first case by yi and 
the number of particles by 
n, we have: 


8 


Gh a Co 
and in the case of Fig. 37, b: 


v2 = x + 2na. 


IMGs Be 


Hence, one might expect 

that, in general, a sol of 

higher concentration would correspond to a higher flocculation 
value; or, inversely, that y would decrease on dilution. 

This dependence, however, will be the more strongly felt, the 
lower the flocculation value. We know that at the flocculation 
value of a monovalent ion only a small part is adsorbed; hence, 
na or 2na is exceedingly small by comparison with y. For a 
trivalent ion, on the other hand, where the flocculation value is 
quite small, nearly all is adsorbed at that minute value. In that 
case yi is about equal to na, and a pronounced inter-dependence 
must exist between flocculation value and concentration. 

In Fig. 36 we notice that for Ba and Al the results are in 
accordance with this line of reasoning. For the monovalent K ion, 
however, the relationship is just the opposite of what might be 
expected on the basis of the previous discussion: the dilute sol 
has a greater flocculation value. Another factor has been left 
out, viz., the fact that dilution of the sol draws the particles farther 
apart and hence decreases the probability of collision (cf. p. 67). 
If we want to produce flocculation in the same time, we must in- 
crease the probability of cohesion in order to compensate for the 
decreased probability of collision. 

The first part of our discussion, in fact, any general considera- 
tion of the relation between electric charge and flocculation, must 
deal with the probability of adhesion while the probability of col- 
lision is assumed to be constant. 

For monovalent ions, the first-mentioned effect is small, hence 
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the second effect predominates; for the Al ion, the first effect is 
very pronounced and consequently predominates. The Ba ion 
takes an intermediate position in which flocculation value and con- 
centration of the sol are just about independent of each other, 
or rather, y decreases slightly on dilution. 

The relations are, however, not the same for all sols. Some- 
times the tendency to raise the flocculation value on dilution of 
the sol is not confined to monovalent ions but also occurs for 
polyvalent ions (for instance, in the’ case of the gold sol.!9 With 
other sols, e.g., the Fe203 sol, the tendency to decrease prevails 
even when monovalent ions are present.!® 


21. Summary.—In the preceding pages it has been stated that 
the stability of suspensoids depends on their electric charge and 
that the action of electrolytes is based on a process of adsorption; 
hence, it is obvious that no stoichiometric relation exists between 
the weight of precipitated colloid and the amount of electrolyte 
which causes precipitation. We now clearly understand that the 
absence of stoichiometric relations, already discussed on page 5, 
is characteristic of colloidal systems. VAN BEMMELEN, who car- 
ried out colloid-chemical investigations between 1870 and 1910, 
was one of the first to emphasize persistently the absence of stoi- 
chiometric relations. 

In the foregoing sections, the electric charge of colloids, the 
definite magnitude of that charge, and the part of the latter which 
must be removed have been discussed repeatedly. It now becomes 
necessary to form a quantitative idea about the electric charges 
of the particles. Although we are familiar with phenomena which 
are related to these interfacial charges (see Chapter III), our next 
problem is to find out how, for instance, the cataphoretic velocity 
depends quantitatively on the charge of the particle, what the con- 
nection is between the charge of the glass wall and the flow poten- 
tial, etc. In Chapter V these questions will be further discussed. 
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CHAPTER V 
CHARGE AND STABILITY 


22. Electro-endosmosis and Charge.—Figure 38 represents 
schematically the movement of a liquid in a tube under the 
influence of the 
potential difference Sari eee eae 
between the elec- Lora a gL om eon See 
trodes. Let us as- 
sume that the wail is 
negatively charged ? 
and that, conse- 
quently ,the positive 1 
part of the double Sp paris pee ae Bela 
lIsyerhies Ontheside > (8-: st >a aa a ee 
of the liquid. Let Fie. 38. 

E be the potential 

difference between the electrodes, | the distance between them, 
¢ the diameter of the tube, 6 the thickness of the boundary layer, 
and u the electro-endosmotic velocity of a particle of liquid. For 
the volume v, transported per second, we have: 


(me UL Sen ee a. tr ane se Pe ee DS) 


The electric force overcomes the friction and thus originates the 

velocity uw. The force of friction is proportional to the viscosity 7 
ae ; , : 

and to the drop in velocity a dx denoting the distance of a particle 
from the wall. Since the velocity of the liquid elements of the 
liquid is uw, and since the negative side of the double layer is sup- 
posed to be at rest, there exists in the boundary layer a velocity 
gradient from wu to zero over a distance 6. We may therefore 
assume that: 


=| = 
sls 
ll 
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The force of friction then becomes equal to 7 3? Oh according 
“to equation (1) 7 = For a potential difference H and a distance 1 


E 
between electrodes, the potential gradient H = T If we call 


the quantity of electricity per square centimeter of wall e, the 
electric force operating per unit area is He.. When frictional force 
and electric force are equal we can write: 


Hee 
f6 
or, 
nv 
ad ier me acme fee 


The electric double layer may be likened to a condenser since 
in this case we have a negatively charged layer and a positively 
charged layer at a distance 6 from each other. For such a con- 
denser the following relation holds: 

ue Ar 6e 


CS er oer eee 


where ¢ designates the potential gradient in the double layer and 
D the dielectric constant of the medium separating the layers. 
If 7 denotes the strength of the current, x the specific conductance 
of the liquid, and W the total resistance between the electrodes, 
we have, according to OHM’s law: 
a 
Eos eee ee 
rs) lL Ko 


(4) 


Substituting the values for H (equation 4) and e (equation 2) 
in equation (3), we get: 


The foregoing derivation thus furnishes a connection between 
the potential of the double layer, ¢, and the velocity of the electro- 
endosmotic phenomenon, v, the remaining terms of the equation 
being accessible to direct measurement. 
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23. Cataphoresis and Charge.—If wu denotes the cataphoretic 
velocity, there must be, as in the preceding section, equilibrium 
between frictional and electrical force; hence: 


i 
my 


U U 
=< =/H6 or 4 — = 
oe ee 
where the letters have the same meanings as in Sec. 22, except 
that wu stands for the velocity of the particle. 
Replacing e on the right-hand side of the equation by the value 
derived from the formula for electric condensers, we obtain: 


CED Arl 4rn 
hares, or 5 = Fp = Fy (5) 
It was recently brought out by DreByr and Hicker! that for a 
spherical particle the factor 4 in these equations should be 6. The 
figure 4 applies to a cylinder, as mentioned in Sec. 22. 

This formula indicates that for a given potential difference, F, 
there is a direct proportion between the potential of the double 
layer and the cataphoretic velocity, wu. The factors which deter- 
mine these constants are again obtained experimentally. 

24. Flow Potential and Charge.—As detailed derivations were 
given in the two preceding sections we can dispense with the deriva- 
tion here and merely mention the final result: 


4 E 
Ga ae Sp eat 2 ee eo) 


D P 
where « is the specific conductance, # the flow potential, and P 
the pressure under which the liquid is forced from one side of the 
capillary to the other. In deriving this formula we assume that 
the law of PoISEUILLE is applicable to the flowing liquid. 

25. Measurements of Boundary Potentials—Measurements 
by the author 7 have shown that the flow potential of pure water 
is lowered by the addition of electrolytes (see p. 57). However, 
if one calculates, by means of equation (6), the potential in the 
boundary layer at the glass wall, it will be found, contrary to 
expectation, that the charge does not decrease with the concentra- 
tion. This can be accounted for by the fact that, in the formula, 
E decreases, while « increases, with the concentration. 
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Figure 39 illustrates the change of the boundary potential with 
the concentration for various ions. Small quantities of an electro- 
lyte having a monovalent or divalent cation raise the boundary 
charge. Since this increase is due to the negative ion, the influence 
of the latter in minute concentrations seems to exceed the dis- 
charging effect of a monovalent or divalent cation. In the case 
of a trivalent cation, however, the discharging effect of that ion 
comes immediately to the fore. 

Whereas the preceding statements Hold for concentrations 
below 100 u-moles (1 u-mole = 10~® mole), we find that for larger 
concentrations the lowering of 
the potential by cations is ac- 
centuated. The smallest de- 
crease is caused by a common 
inorganic cation of a light metal 
like K, followed by the hydro- 
gen ion, while a still stronger 
action is exerted by an organic 
ion, viz., p-chloraniline indi- 
cated by p Cltin Fig. 39. Then 
comes the divalent cation Ba, 
and finally the trivalent cation 
Al which lowers the charge to 
zero at the low concentration 
of 0.8 u-mole. Apart from this 

mise decreasing effect of polyvalent 

cations, we may infer from 

these investigations that small 

concentrations of an electrolyte raise the boundary charge with 
respect to pure water, while greater concentrations lower it. 

The researches of Powis,® carried out at practically the same 
time as the preceding experiments, led to the same result. Powis 
calculated the boundary potential both at the oil-water interface 
and at the glass-water interface (cf. p. 60) from the measurements 
of the cataphoretic velocity of oil drops. The equation (5) used 
by Powts should be corrected (DEBYE) as stated on page 81.* 


* In a recent investigation (KruyT, Roopvonts and VAN DER WILLIGEN, 
Coll. Symp. 4, (1926)) attention has been called to the uncertainty regarding 
the interpretation of cataphoresis measurements resulting from our incom- 
plete knowledge concerning the change of the dielectric constant with the 
variation of electrolyte concentration (Note added during the correction). 
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Figure 40 reproduces his data graphically. Here again we find 
that the potential ¢ is raised for small concentrations, especially 
for a polyvalent anion; 
for instance, the  tetra- 
valent anion of Ky4Fe 
(CN)6 increases the po- 
tential strongly, as does 
the chlorine ion in KCl: 
The fact that the eleva- 
tion by BaClz is not vis- 
ible is probably due to the 
absence of measurements 
at concentrations smaller 
than 200 u-moles. 

Leaving aside for a mo- 
ment the initial increase, 
and considering solely the 
subsequent lowering of the Fig."40. 
charge caused by the added 
cation, we are confronted here by a phenomenon which is equally 
well explained by Fig. 34. In fact, exactly the same consideration 
as given on page 69 will make it clear why the valence of the oppo- 
sitely charged ion must determine the lowering of the boundary 
tension in capillary electrical phenomena. 

26. Significance for Colloid Chemistry.—In the previous chap- 
ter we saw that a colloid is stable only when the electric potential 
difference at the boundary is higher than the critical potential. 
In Sec. 25 it was found that the boundary potential for pure water 
is, generally speaking, not high, but is raised by very small quanti- 
ties of electrolyte. 

Figure 41 gives an idea of the change in boundary charge, ¢, 
with the concentration of electrolyte. The critical potential is — 
indicated by the dot-dash line. 

The figure shows that a colloid, in order to be stable, usually 
requires a small concentration of electrolyte (point a), while an 
excess of electrolyte (point 6) destroys the stability. (It should 
be remembered, however, in connection with this figure, that 
peptizing and flocculating electrolytes are, as a rule, not the same.) 

The necessity of having traces of an electrolyte for stabilizing 
a sol has been known for along time. The phenomenon of stabiliz- 
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ing a colloid by the addition of a substance is called peptization. 
It will be-clear in this connection that a stable colloid always con- 
tains traces of electrolyte. 
Usually these traces are present 
from the preparation of the 
sol. If one should try to re- 
move them purposely by ex- 
cessive dialyzing, it could only 
be done at the expense of 
the stability. Granam,* and 
later A. W. THomas and A. 
FRIEDEN,” found, for instance, 
that excessive dialysis of ferric 
oxide causes the sol to floccu- 
Concentration late in the dialyzer. BEANS 
Fig. 41. and Hastuack © stated that in 
preparing gold sols electrically 

the presence of traces of electrolyte is necessary. 

Euuis,’ in his experiments, found that the OH ion raises the 
maximum in the potential curve to a considerable extent. Powis ® 
showed that a polyvalent ion likewise gives rise to a pronounced 
maximum. The more the anions, either by their high valence or 
by strong adsorbability, increase the negative charge, the better 
peptizers they are. 

The same is true for cations with respect to positive colloids. 
Iron oxide is readily peptized by FeCls. In general, the salts of 
polyvalent metals and the hydrogen ion in acids are suitable 
peptizers for positive colloids. 

The researches of VARGA and WINTGEN (see p. 97) furnish a 
beautiful illustration of the peptizing action of electrolytes. A 
SnOz sol can be prepared by peptizing precipitated tin oxide with 
alkali. In the making of this sol, there is an increase in the ratio 
between alkali and tin oxide, and a consequent increase in the 
cataphoretic velocity, and hence in the charge. 

Soaps are excellent peptizers for organic substances. As the 
theory of Lanemurr and Harkins (see Sec. 11) indicates, these 
substances, on account of their strong hetero-polar character, 
give rise to the formation of an electric double layer and thus 
exert a vigorous peptization. (For further details, see p. 244.) 

The action of peptizers will be discussed later (Ch. VI). 
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27. Summary.—The content of the two previous chapters 
may be summed up graphically in Fig. 42. In the upper part of 
the figure is sketched the change in the boundary charge with the 
concentration of the electrolyte (cf. Vig. 39). The dot-dash line 
gives the value of the critical potential, ¢.,, for the sol (cf. Fig. 41). 
In the lower half of the picture is drawn the adsorption isotherm 
for the electrolytes KCl], BaCle, and AlClg. Since this part of the 
figure is drawn to the same 
scale of abscissae, the ordi- 
nate representing the amount 
adsorbed is plotted down- 
ward. The “lower part is 
nothing but Fig. 34 upside 
down. In both illustrations 
the same idea is expressed 
in two ways. In the upper 
half are found the concen- 
trations at which the poten- 
tial is lowered to the critical 
value, while in the lower 
half are found the concen- 
trations at which so much 
cation is adsorbed that the 
lowering is brought about. 
Hence, the corresponding 
values must lie at equal Pia, 42. 
equilibrium concentrations. 

Fig. 42 thus unites in a single illustration the whole content of 
the foregoing chapters. 

28. Irregular Series.—In Sec. 26 the line for AlClz was con- 
tinued only to the point where the charge was reduced to zero. 

On page 58 it was stated that further additions of salt reverse 
the charge, with the result that the wall acquires a positive charge; 
but in the long run the chlorine ion depresses this positive charge 
and a second discharge takes place. 

The phenomena observed when a sol is flocculated by means of 
an electrolyte such as AlCl; agree well with the changes in boundary 
potential. When increasing amounts of AlCl, are added to a 
negatively charged sol of mastic,’ we notice that small concentra- 
tions cause flocculation, somewhat higher concentrations produce 


— 
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another stable sol of opposite sign, i.e., positively charged, while 
still higher concentrations bring about another flocculation. This 
is represented schematically in Fig. 43, where the amount floccu- 
lated is plotted as ordinate against the salt concentration as abscissa. 

We have, therefore, first 
anon-flocculation zone, next 
a primary flocculation zone, 
then another non-floccula- 
tion zone in which the sol 
has the opposite sign and, 
finally, a secondary floc- 
culation zone. 

This phenomenon is designated as an irregular series. It will 
always occur when the potential-lowering effect of the cation is 
far in excess of the potential-raising effect of the anion. This 
lowering effect may be due either to a high valence of the ion or 
to a high degree of adsorbability. Polyvalent cations give, there- 
fore, irregular series when they are combined with monovalent 
anions. But monovalent organic cations act in the same way. 
For instance, strychnine nitrate,!° as well as new fuchsin, yields 
an irregular series with As2S3 sol, and AgNO3 with the sol of HgS,!! 
because in each case the cation is strongly adsorbed. 

A converse reasoning applies to positively charged sols. Here 
the anion discharges, while the cation may raise the charge. 
Whenever there is a great contrast between the two ions, an irregu- 
lar series will occur; hence, we readily understand why the posi- 
tively charged sol of iron oxide forms an irregular series with 
sodium phosphate (monovalent cation vs. trivalent anion), and 
with NaOH (monovalent ions, but anion strongly adsorbable).!? 

29. Influence of Sols on Each Other.—(a) Mutual floccula- 
tion.—When a positively charged sol and one that is negatively 
charged are brought together, the probability of adhesion is natur- 
ally quite high, since the charges, being opposite in character, 
promote adhesion. In case a small quantity of a positively 
charged sol is added to a negatively charged sol, a certain number 
of particle adhesions will no doubt take place, but the critical 
potential for the combined particles will not be reached. Only 
when a sufficient quantity of the oppositely charged sol is added 
does complete flocculation occur. The same reasoning applies to 
a positively charged sol to which a negative sol is added. Fig. 44 
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expresses the facts as stated here. The codrdinates are the same 
as in Fig. 43. The very first addition of the sol of opposite sign 
lowers the charge; but as long as the critical potential is not 
reached, there is merely a decrease in stability without visible 
flocculation. A zone of flocculation 
exists only in the center, as indicated 
by the cross-hatched part of the 


figure. %© 

(b) Protective action.—When a sol 
of gelatin, for instance, is added to tet pasoe 
a gold sol prepared by the reduction Fia. 44. 


of a gold salt in an alkaline medium, 
it appears that the gold sol is strongly protected against the 
flocculating action of electrolytes. 

We shall find in Chapter XIII that emulsoid sols are, to a 
great extent, unaffected by the presence of electrolytes. Obviously 
the particles of the emulsoid sol are adsorbed by the gold and .- 
impart their properties largely to the gold particles. 

Conversely, this protective action is used to distinguish 
between different emulsoid sols. The gold-number is defined 
by Zstamonpy 1° as the weight, in milligrams, of the dry material 
in the emulsoid sol which is just sufficient to prevent the change 
from red to blue in 10 ce. of a gold sol, after the addition of 1 cc. 
of a 10 per cent solution of sodium chloride. Table XIII gives the 
gold-numbers for a number of emulsoid sols. In the last column 
is found the so-called reciprocal gold-number, which is, therefore, 
a measure of the protective action. 


TABLE XIII 
GOLD-NUMBERS (PROTECTIVE ACTION) 
Catloid Gold number mae oes 
gold-number 

Gelatineee eases 0.005-0.010 200-100 
Caseininkin. ns ace 0.01 100 
Gum arabic........ 0.15-0.25 7-4 
Tragacanth....... 2 0.5 
Dextrinne ane esa 15 0.07 
SURTHOLNG Greco comntemonteer 25 0.04 
Silicic acid sol..... ora 0 
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(c) U-number.—When an emulsoid sol is added to an acid 
gold sol, no protective action takes place. On the contrary, the 
gold sol is flocculated by minute quantities of the emulsoid. These 
so-called U-numbers (‘‘ Umschlagszahlen,”’ according to Zsic- 
MONDY)!4 represent the number of milligrams required to produce 
the color changes in 10 cc. of the gold sol. A few examples are 
given in Table XIV. ’ 


TABLE XIV 
s 
U-NUMBERS 
Colloid U-number 
Glycocollte ee >80 
ISR Guehicc open) Oil a0, 
Reptons ae 0.04 —0.06 
Gelatingereeaaee 0.002-0.004 
Albumose....... 0.002-0 .004 
Casein..........| 0.002-0.004 


In Chapter XIV we shall see that the emulsoid sols change 
their charge under the influence of the hydrogen-ion concentration 
of the medium; i.e., they become positively charged in an acid 
solution and negatively charged in a basic solution. In the case 
of protective action, both the gold sol and the gelatin are negatively 
charged. In dealing with U-numbers, we bring together in an 
acid medium a negative gold sol and a positively charged gelatin 
sol. The result is, therefore, mutual flocculation. 

(d) Sensitizing—Experiments by Brossa and FREUNDLICH !° 
have indicated that a decrease in the stability of suspensoids is 
often noticed on the addition of an emulsoid of opposite charge. 
On adding to the positively charged sol of Fe2O3 a solution of 
albumin, carefully freed from electrolytes and carrying a negative 
charge, we notice that the particles unite. At the same time the 
charge of the iron oxide sol is lowered, although it retains its 
stability. However, the amount of electrolyte necessary to pre- 
cipitate the sol, viz., the flocculation value, appears to have de- 
creased enormously. Accordingly, we might say that the added 
albumin has a sensitizing effect on the iron oxide sol. In a sense, 
we have already met with a certain kind of sensitization when 
discussing Fig. 44. In fact, in the non-cross-hatched parts of the 
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figure, there is a gradual lowering of the charge on the addition of 
the sol of opposite charge. _U-numbers.also belong in this category. 

It is likewise possible that suspensoids sensitize each other. 
On mixing a negatively charged sulphur sol with an As2S3 sol, also 
having a negative charge, we find that they sensitize each other. 
The reason for this behavior is, however, a special one.. The pep- 
tizing electrolyte (see p. 84) for the sulphur sol appears to be 
pentathionic acid, while hydrogen sulphide peptizes the AseSs sol 
(see p. 73). These two peptizing compounds react with each 
other, according to the following equation: 


« HoSsOe + 5Hs8 = 108 + 6H20, 


and, as a result, the boundary layers of the particles are disturbed 
and the charge lowered.!® Only in a special case like this do sols 
of the same charge exert a sensitizing effect on each other. In 
general they do not influence each other. 

(e) Earlier conception of irregular series.—Formerly the opinion 
prevailed that the irregular series required a different explanation 
from that given in Sec. 28. When AICls is added to a dilute 
solution of mastic, it might be supposed that a sol of AleO3 would 
be formed by hydrolysis, and that, first of all, a mutual floccula- 
tion would take place, as discussed in Sec. 29a, with a reversal of 
the charge from negative to positive. In the long run, the chlo- 
rine ion might finally bring about flocculation of this mastic 
complex. 

A serious drawback to this explanation is the fact, already 
mentioned, that sodium hydroxide gives an irregular series with 
Fe203 sol. Moreover, it is possible to modify one and the same 
system in such a way that the normal picture of the irregular 
series can be clearly distinguished from the phenomenon of mutual 
flocculation. A 

For instance, on treating a neutral gold sol with Th(NOs)s, 
an irregular series is formed. But we can also study the process 
by using an alkaline sol, in which case the alkali really hydrolyzes 
the Th(NO3)4.!7 Table XV gives the values for both series. 

These data show strikingly the contrast between precipitation 
by the Th ion, which requires only a minute quantity, and floccula- 
tion by the colloidal ThOs, which necessitates a much larger 
amount because the Th ion is active electrically only insofar as 
it is present in the double layer of the ThOz particles. In the 
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case of the ion-dispersed solution, each individual Th ion is, of 
course, active. Furthermore, a great difference is noticeable, viz., 


TABLE XV 
Goxup Sots+a Souution or Th(NOs;)« 
Neutral Alkaline 
sol sol 
USstanloceula tion yall tenes aera ieee int tren ne are * 0.00090 0.03 
ENGsoOel st HOCCULAULONEZONC mit awit rn meres 0.0030 ca. 0.10 
PHU OCCULALION: V4) UCH einer eaten 20 Ca. 5 


the neutral sol shows a normal color change from red to blue, while 
in the alkaline series the gold precipitates in the form of red flakes. 
Such red flakes always occur when a gold sol is precipitated by a 
sol of opposite charge. For instance, the precipitate from a gold 
sol plus a tin oxide sol is known under the name of “purple of 
Cassius’ !8 and an analogue of this is formed when gold and tho- 
rium oxide interact. Table X VI shows that red flakes are obtained 
on mixing a gold sol and a sol of ThOs. 


TABLE XVI 
ALKALINE Au Sot+ThO, Sou 


Cone. ThO: in 
millimoles 
per liter 


Condition 
after 5 min. 


0.002-0.10 red sol 
0.25 -0.50 red flakes 
0.60 -7 red sol 
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CHAPTER VI 
CONSTITUTION OF THE DOUBLE LAYER 


30. The Double Layer.—The conception that colloidal par- 
ticles are electrically charged is likely to lead to the erroneous idea 
that each of these particles carries an electric charge and hence 
that a sol can be represented as an aggregate of statically charged 
electric spheres. 

Von Smotucuowski! has rightly countered this conception 
with the remark that if it were correct an electroscope would 
show a deflection when brought close to a sol. Since this is not 
the case, the electric charges must be self-compensating, a fact 
which finds a proper expression in HetmMHoLtTz’ well-known idea 
of an electric double layer. Opposite the ions that give to a 
particle, say, a negative charge, there are located positively charged 
ions with the same total electric charge. As a result of this, the 
system as a whole appears to be uncharged; hence, the phenomena 
of motion, discussed in Chapter III, take place whenever there is 
displacement in the electric double layer, caused by the existence 
of a certain amount of slip between the two coatings of this double 
layer. Under the influence of an electric potential, these coatings 
move in opposite directions, tending to set up an opposing electro- 
motive force. They do not do so, however, for the reason that 
the electrical conductance of the liquid causes an exchange; 
hence, the following conditions, represented schematically in Fig. 
45, occur successively. 

Imagine a particle (indicated in cross section by the shaded 
area in Fig. 45a) placed between two electrodes. When an 
electromotive force is applied, the two coatings are displaced and 
the particle moves along with the negative charge (Fig. 45b). 
This leaves electric charges free on either side. These are com- 
pensated, however, by the intergranular liquid (a solution of a 
peptizing electrolyte and hence a conductor of electricity). The 
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condition of Fig. 45c is thus established. The net result, there- 
fore, is that the whole particle plus its double layer has moved 
toward the positive 


electrode. Simultane- Rig At cies eee 
ously, something else, a 
to which we shall refer LLL 


in the next sections, iC 
has migrated in the 


. . : i YYyyJjlJljppjjppypy 
opposite direction. YY LY 


The conception of a] ttteteeteest = 
Ovid ey Aes Pe he (ee i ety ee) ee a c 
an electric double Se Seo ee re 
layer, introduced by MMMM 


HELMHOLTZ,” is based Fig. 45. 
on the supposition 
that the potential gradient at the boundary of a particle (or 
capillary; in general, of a wall) is quite abrupt; in other words, 
the oppositely charged layers are supposed to be at a molecular 
distance from each other. Let the cross-hatched portion of 
Fig. 46a represent the wall. If we plot as abscissa the distance 
from that wall, and as ordinate the po- 
tential ¢, the heavy black line will indi- 
| | 4 cate the course of the potential, the width 
of the line corresponding to the distance 
between two molecules, i.e., the thick- 
ness of the Hetmuourz double layer. 
FREUNDLICH and Rona,’ and later 
Bea 20. GyYEMANT,* have argued that such a repre- 
sentation is incompatible with the facts. 
In fact, Gouy > had previously pointed out that a sudden drop in 
potential is, in general, improbable and that Fig. 46b represents 
the course much better. 

The idea that FreunpiicH and Rona had in mind was the 
following. The pofential drop between glass and water (or~ 
between glass and an aqueous solution) had been measured by 
Haser and KLEMENSIEWwIcz,° by means of the apparatus sketched 
in Fig. 47. A is a thin-walled glass vessel containing any liquid 
that is a good conductor; in this is placed an electrode, H. Both A 
and a calomel electrode, CH, dip into the liquid B. The latter 
thus contains a glass electrode and a normal electrode. The 
investigators named above measured the potential of this cell as a 
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function of the composition of the liquid B and were thus enabled 
to calculate the potential gradient at the glass electrode. Kruyt,’ 
in his investigations on flow potentials, also measured potentials 
for the glass-water boundary, or glass- 
electrolyte solution. Powts,°® too, cal- 
culated such potentials from his 
" measurements of electro-endosmotic 
movement in the neighborhood of a 
glass wall. Whereas, in the measure- 
ments of the two last-named authors, 
the great effect of the valence of the 
oppositely charged ion came to the 
fore, the measurements of HaBrer and 
KLEMENSIEWIcz showed that the po- 
tential of the glass electrode is com- 
pletely unaffected by this valence. 
The glass electrode behaves like a 
hydrogen electrode and consequently 
changes its potential according to 
the well-known formula of Nernst, being dependent only 
on the hydrogen-ion concentration of the liquid B. Following 
FREUNDLICH and Rona, we must, then, distinguish between two 
kinds of potential at the glass-liquid interface. These authors 
assume that the drop in potential at the wall is not abrupt (HELM- 
HOLTZ), but diffuse (Gouy). 

Figure 48, which represents the concepts of FREUNDLICH and 
his co-worker, is thus analogous to Fig. 46b. It was pointed out, 
however, that in potential measure- 
ments connected with phenom- 
ena of motion (flow potentials, 
cataphoresis, etc.), the liquid does 
not move close to the wall (verti- 
cally shaded in Fig. 48), because 
the latter keeps a thin layer of 
liquid adsorbed (indicated by hori- 
zontal shading in Tig. 48). What 
Haper and KLEMENSIEWICZ meas- 
ured was the total potential differ- 
ence between the wall and the liquid (the value ¢ in Fig. 48), 
called ‘‘transverse potential difference” by FREUNDLICH and 
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Distance from wall 


Fig. 48: 
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Rona. Kruyt and Powis measured the potential difference 
between the moving and the stationary part of the liquid, i.e., 
the value, indicated by ¢ in Fig. 48, that is designated as the 
“tangential potential difference.’’ 

The transverse difference, ¢, is in agreement with NERNST’s 
theory, not influenced by any kind of ions except the ion the solu- 
tion tension of which is responsible for the potential difference (in 
Hapser’s experiments with the glass electrode, the H ion); but 
¢ depends on the shape of the potential curve and also, according 
to Gouy, on the individual ions. The steeper the slope of the 
curve, the greater the portion falling inside the adhering liquid 
layer, henee the smaller the 
value of ¢. Conversely, the 
flatter the curve, the higher 
the value of ¢. 

The course of the po- 
tential curve is probably 
not always so simple as 
would appear from Fig. 48; 
in fact, we know (cf. p. 58) 
that the sign of the ¢ poten- 
tials is sometimes reversed 
by neutral electrolytes. Fig. 
49, which shows a ¢ poten- 
tial with a sign opposite 
to that of ¢, takes this possi- 
bility into account. 

The stability of colloids, 
then, isnot governed by the 
transverse potential gradient, 
«, but depends on the tangential gradient, ¢ (cf. p. 85). 

In assuming a diffuse double layer, we really should consider 
an ‘‘atmosphere of ions” in which the excess of, say, positively 
charged ions over the negative ions gradually decreases from the 
wall toward the center. On the horizontal stretch of the potential 
curve, the density of the positive ions equals that of the negative. 

For the sake of convenience, we shall continue to speak of 
the “double layer.”” This expression is unobjectionable, provided 
we keep in mind that HretmHoutz’ simple idea needs the amplifica- 
tion furnished by Govy, Srrrn,® and others. 


il 
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Meanwhile, it is very important to know which ions really 
constitute the electric double layer. About fifteen years ago, the 
view adopted was that a neutral wall in contact with water took 
on a negative charge since it had a preference for adsorbing the 
hydroxyl ions of water. A wall made of material having a decidedly 
basic character, such as AlgO3, which we know has a positive charge, 
was supposed to have a special affinity for the hydrogen ions of 
water; hence, AleOz3 became positively charged. In case the 
material of the wall had a decidedly acid*character, the specific 
preference for hydroxyl ions was explained in a similar manner. 

FrReunpDiIcH and Exissarorr !° suggested in 1912 that the 
material of the wall, insofar as it can be considered to be an ionogen, 
might participate in the formation of the double layer. The 
question that arises, then, is whether this hypothesis should not be 
generalized by assuming the lining of the double layer to be built 
up, in all cases, from the ions of the material of the wall. This is, 
of course, quite possible in the case of ionogens such as glass (sili- 
cates), metallic oxides, salts, and the like. We get into diffi- 
culties, however, with substances like naphthalene. Some 
recently developed ideas of LANGMuIR and Harkins (cf. p. 48), 
in which the double bond in the benzene nucleus is supposed to be 
the special carrier of capillary electrical properties, might possibly 
lead to a reconciliation. 

It is obviously extremely difficult to determine the constituents 
of the double layer directly, but there are, nevertheless, various 
indications which give us a better insight into the constitution of 
the double layer of colloidal particles. 

There are two remarks that should be made before these 
experiments are discussed. In the first place, one might ask, 
speaking of the sols of metals, whether the electric double layer 
here is not simply the one that plays a part in Nernst’s so-called 
osmotic theory of solution tension. The double layer would then 
be formed by the metal ions going into solution. If a potential 
gradient were produced in this manner, the electromotive series 
would play an important réle in the order of the capillary electrical 
phenomena, which is not at all the case. On the contrary, it is 
easy to collect arguments showing that the double layer of a 
silver particle, for instance, does not consist exclusively of silver 
ions sent into solution by the silver. As a matter of fact, OH ions 
favor the formation of negative metallic sols, but ammonia is 
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very harmful to the preparation of a silver sol. Since silver oxide 
is soluble in ammonia, we cannot get away from the impression 
that silver oxide or some other complex of Ag plays a part in 
the double layer of a silver sol. Reference will be made to this 
in a later section. 

Furthermore, the preceding discussion has indicated that the 
potential gradient resulting from a solution tension might be a 
measure of ¢, but surely not of ¢. 

For non-conductors of electricity we might conceive of a special 
kind of mechanism imparting an electric charge to the particles. 
Coxnnn,!! for instance, noticed that non-conductors of electricity, 
brought into contact with each other, produce a condition whereby 
the substance with the higher dielectric constant is charged posi- 
tively with respect to the one having a lower constant. This rule, 
however, can be of little aid in the explanation of. the electrical 
properties of colloids, since it does not appear that an intimate 
relation exists between flocculation phenomena and variations in 
the dielectric constant. In fact, traces of electrolytes that are 
quite active in capillary electrical processes do not change the 
dielectric constant to any extent. Then, too, CorHn’s rule does 
not apply to tangential potential. differences but only to transverse 
ones. 

31. The Tin Oxide Sol.—Considerable information concerning 
the constitution of the double layer may be obtained from certain 
investigations on the sol of tin oxide, carried out in the laboratory 
of Zstamonpy.!” 

When SnCl, is poured into water, a gelatinous precipitate of 
SnOz is formed and settles slowly. The HCl simultaneously 
formed is removed by decanting the supernatant liquid repeatedly. 
The SnOz, thus purified, is brought into colloidal solution by adding 
either an acid or a base to the precipitate of SnOz. Addition of 
KOH produces a negative SnOz sol, while with HCl we obtain a 
positively charged sol. 

According to the old conception mentioned above (cf. p. 54), 
we might say that the particle adsorbs either H ions or OH ions 
preferably, builds up the lining of the double layer with these ions, 
and derives its charge from them. 

We shall not discuss here the experiments of MrckLensure !° 
on the influence of the previous treatment of the precipitate on the 
properties of the sol, interesting as they are, but shall confine 
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ourselves for the present to the investigations of Hrrnz and 
Franz on the flocculation value of the negatively charged tin 
oxide peptized with alkali. 

A number of sols were prepared for which the ratio of SnO2 
to KOH was different. At the top of Table XVII is indicated the 


TABLE XVII 


FLOccCULATION VALUE, SnO2 Sou, IN MILLI-EQUIVALENTS PER 10 cc. 


= 2 10 

=e 25 50 100 
NO) Ao enone oP 168 107 0.34 | 0.26 | 0.14 
NaNO; aura canee 1.9 1.5 0.30 | 0.28 | 0.14 
Na cOpe ae eene 1.8 Ie7 O82) | 0:28) al nd4 
NaH citrate.......... 2.3 2 0.40 | 0.52 | 0.50 
TG] Seeetrce ts Lei eigee 0.33 | 0.07 | 0.025 | 0.0135 | 0.007 
Ones ae 0.33 | 0.075 | 0.022 | 0.0135 | 0.007 
LENG) Pha ape rte 0.35 | 0.065 | 0.022 | 0.0130 | 0.007 
INTG teen ete Sere 0.33 | 0.07 | 0.025 | 0.0135 | 0.007 
INTO) ae, cheg ee 0.33 | 0.075 | 0.024 | 0.0140 | 0.007 
ACN Ons mck acm ws seme nas ten eecee 0.025 | 0.0180 | 0.009 
Alkali in 10 ce......... 0.333 | 0.065 | 0.026 | 0.013 | 0.0064 


ratio N in gram-moles for each sol. For each of the salts mentioned 
in the first column, the table gives the flocculation values. Look- 
ing over these values, we notice that the monovalent cations, 
which give approximately the same value, form one group, while 
all other salts, yielding a different value, which, however, is 
practically the same for all of them, form another group. This 
latter circumstance is very striking when we take into account 
the fact that this second group contains the monovalent H and 
Ag ions, the divalent Ca and Ba ions, and the trivalent Al ion. 
We expect, indeed, to find that all these ions have a smaller floc- 
culation value than the monovalent ions, but from the point of 
view developed on page 69 it is difficult to see why all these ions 
should show flocculation values which lie so close together. Still 
more remarkable is the fact that this figure for the flocculation 
value reappears in the last line of Table X VII, where the amount 
of alkali present in each sol is shown. This leads, therefore, to 
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the inference that all ions mentioned in the second part of the 
table give a flocculation value which is exactly equal to the amount 
of alkali used for peptization. 

From these data, Zstamonpy !* has drawn a very acceptable 
conclusion regarding the constitution of the double layer of the 
SnOz particle. Assuming that peptization does not take place by 
the mere adsorption of OH ions but that the added KOH reacts 
chemically with the outside molecules of the colloidal particle, we 
arrive at a picture of the particle plus its double layer, as repre- 
sented in Fig. 45. Zstamonpy’s assumption is, therefore, that 
the stannates formed at the boundary of the particle produce the 
ions of the, double layer. Considering, furthermore, that the ions 
in the upper part of the table give soluble stannates, and those in 
the lower part form insoluble stannates, we realize that a particle 
is precipitated when the boundary layer is destroyed because the 
potassium stannate, which forms the double layer, is changed into 
an insoluble stannate. (In the case of HCl, stannic acid itself, 
which is also insoluble in water, is formed.) 

The idea that the lining of the double layer is made up not of 
OH ions but of SnO3 ions is rendered very plausible by these 
investigations. In addition, we find that a double layer can be 
destroyed in a manner differing from that discussed on page 66; 
we cannot, however, discard the previous explanation, since either 
one mechanism or the other may produce the effect. In fact, even 
for the SnOsz, the formation of an insoluble substance in the bound- 
ary layer can serve only as a working hypothesis for the electro- 
lytes of the second half of Table XVII. For those of the first 
half we are undoubtedly dealing with the mechanism previously 
discussed, in which the adsorption of the oppositely charged ion 
plays the principal part. 

32. Analogous Cases.—In Sec. 31 we saw that the double layer 
of a tin oxide particle is formed by a constituent related to the 
substance from which the particle is made: the stannates take a 
polar position when attached to the related material. In a sense 
this behavior is in line with the theory of Lanamurr and Harkins, 
which postulates that the molecules of the boundary layer always 
tend to make the transition of the phases gradual. The stannates 
turn their stannic acid anion toward the tin oxide. When pepti- 
zation by HCl takes place, the double layer is probably made up 
of molecules of SnCly pointing their cation toward the (thus 
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negatively charged) tin oxide particle. Zstamonpy !° has intro- 
duced a simple and ingenious method of representing the constitu- 
tion of a sol: without taking into account the possibility of hydra- 
tion, he writes the composition of the particle down in a rectangle 
and adds the ion that forms the lining of the double layer. We thus 
obtain, for the negative SnOz sol, no] SnO3~——; and for the pos- 
itive SnOz sol, n03| Site es 

This special location of molecules that are related to the mate- 
rial of which the particle consists, is quite frequently met in colloid 
chemistry. Marck !° has found that the MnOz sol can be pre- 
cipitated by potassium regardless of the anion with which it is 
combined. An exception must be made for KMnOs, which is 
unable, even in the highest concentrations, to precipitate MnOs. 
Obviously, the permanganate ion, which is related to the material 
of the MnOzg particle, has such a pronounced charging effect that 
the K ion cannot overcome this influence. 

The positive sol of ferric oxide is usually made by hydrolyzing 
FeCl3 and removing the HCl by dialysis. Earlier in this book 
(p. 84) it was pointed out that it is impossible to remove the 
Cl ion completely. This in itself makes it appear likely that the 
double layer is not formed by adsorption of hydrogen ions on the 
inside, and of OH ions on the outside, but that the chlorine plays 
a significant part. 

Various investigations !” dealing with the flocculation of the iron 
oxide sol have shown that all anions having a valence of two or 
more, and also the OH ion, give practically the same small floc- 
culation value, as is seen from Table XVIII. Monovalent anions, 
on the other hand, have a much larger flocculation value (see also 
Table XI, p. 72; it should be noted, however, that this table 
refers to a much more dilute sol). This result agrees well with 
that obtained for tin oxide, the more so where the amount of poly- 
valent ion is always equivalent to the quantity of chlorine ion 
already present, which clearly functions as a peptizer (cf. p. 84). 
It is reasonable to assume that the double layer consists of a com- 
bination of basic iron chloride and chlorine. Zstamonpy !8 sug- 
gests the following representation, which is quite acceptable: 
[Fe20s Fe2O2t*. Hence, he considers that FesOoCle is the 
electrolyte which forms the double layer. 

This brings up a question as to the correctness of our earlier 
conception regarding the nature of the double layer (see p. 74) 
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of, say, AseS3. One might ask: Does not the peptizer, HS, 
furnish the material for the double layer? This in itself is not 
probable, since if it were true we should have to explain why, in 
this case, the hydrogen is not preferentially adsorbed as we have 
found it to be in so many other cases. Very likely we meet here 
again with the tendency of the boundary layer to make a gradual 
transition from the particle to the dispersion medium. Possibly 
the constituent of the double layer is sulpho-arsenious acid, 
HAsSz, so that the particle has the following constitution: 


AsoSs| AsSo7. 
a TABLE XVIII 


FLoccuLaTion VALUE, Fe2O; Sou In MILLI-EQUIVALENTS PER LITER 


Electrolyte ¥ 
KNO; 188 

OHep eer 1.61 
Citrate 1.65 
CrO, Seen ae is 52 

CO:. he 

SOYA cotenatehs IL 

(P.O Faes nie: 1.9 

Fe(CN«) one 1 A 3 

Chlorine contents 

Ob the sole eeere 1.66 


In the same way, the sulphur sol obtained by the reaction: 
2HeS + SOg = 388 + 2H2O 


is peptized by a special sulphur-containing acid which furnishes 
the ions for the double layer. When the above reaction takes 
place, there is also formed pentathionic acid, which probably 
builds the double layer, so that the particle of sulphur has the 
following constitution: BsOga = 

Experiments by Freunpiicu and Scuo.z !* have supported 
the probability of this assumption (see p. 89). 

In connection with the previous discussion, attention is called 
to the special meaning of the term “micell(e).”’ This word 
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originated with Nacrti2° who used it to designate the colloid- 
chemical equivalent of the molecule of a true solution. Nowadays, 
with our greater knowledge of the structure of colloidal particles, 
we can express ourselves a little more precisely by saying that the 
micell is the particle plus the entire double layer. For the alkaline 
tin oxide, it means therefore: [ Sno] SnO377--+ 2K +]. DucLaux 
uses the word ‘‘granule” for the particle without the outside of 
the double layer. 

33. Extension of this Line of Thought’—The conception that 
the double layer does not consist exclusively of outside matter, 
but is partly derived from materials which are already present in 
the particle itself and take part in the formation of the inner 
coating, has led to a clear understanding of a number of phenomena 

The researches of DeByr and ScHERRER ? have shown that 
many colloid systems hold crystalline particles in dispersion. 
From the work of von Lavsr and Braaa we have obtained an idea 
of the structure of the space lattice of a crystal. If we apply this 
concept to crystalline dispersed particles, the genesis of an electric 
double layer becomes perfectly clear to us. We choose as an 
example a sol of a silver halide which is formed according to the 
following method. 

If AgNOs and KBr are brought together in stoichiometric 
properties, no sol is formed, but AgBr is precipitated. If, how- 
ever, silver nitrate is present in excess, because not enough KBr 
has been added, we obtain a sol of AgBr which is positively charged. 
In case KBr is present in excess, the sol is negatively charged. 

According to the above-mentioned method of presentation, 
these two sols have the following structure: 


| AgBr| Agt and AgBr| Bre 
positive sol negative sol. 


Figure 50 shows a cross section through the space lattice of 
silver bromide. The silver atoms are represented by and the 
bromine atoms by ©. It should be noticed that a silver atom, 
for instance, in the center of the space lattice, is surrounded by 6 
bromine atoms, 4 in the plane of the drawing, one in front, and 
one behind. The affinity of a silver atom is, therefore, saturated 
when 6 bromine atoms are grouped symmetrically around it. 
This holds for all silver atoms inside the space lattice, but a silver 
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atom on the surface of the particle is surrounded by only 5 bromine 
atoms, 3 in the plane of the drawing, one in front, and one behind. 
Hence, the crystal lattice lacks one bromine atom to saturate 
completely the affinity of the silver atom on the surface. Now, 
it is obvious that a particle of AgBr placed in a liquid containing 
KBr, and hence free bromine ions, will tend to add a bromine 
atom to the silver atom in the surface (Fig. 51). But this bromine 
atom is already balanced by a corresponding potassium ion. Con- 
sequently, the K ion will take its position opposite the bromine 
ion. This is repeated at all points of the surface where Ag atoms 
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lie, and thus an electric double layer, consisting of bromine and 
potassium ions, is formed around the particle. This is indicated 
in Fig. 51, where © represents the potassium ions. 

In case silver nitrate is present in excess, thereby making 
silver ions available, a similar line of reasoning can be followed, 
since a bromine atom stands in the same relation to its surrounding 
6 silver atoms as a silver atom does with regard to its 6 neighbor- 
ing bromine atoms. There will then be formed a double layer 
consisting of silver ions all around the particle and nitrate ions on 
the side of the liquid. Under these circumstances, the particle is 
positively charged. 

We may, of course, speak here of selective adsorption, pro- 
vided we keep in mind that the forces causing the adsorption are 
characteristically the same as those that preserve the space lattice 
of a crystal. 
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The theory regarding the double layer at the boundary of 
crystalline particles was first developed by Mukuerrsen 7? and 
was worked out independently by Fasans.24 It has led to the 
making of various other investigations concerning the condition 
at the surface of the particles, especially as regards the density 
and the distribution of the ions adsorbed on the surface.?° 

34. Electro-valence of the Double Layer.—An important 
extension of our knowledge of the structure of the double layer is 
due to the investigations of Varga and WINTGEN and their co- 
workers in ZstaMonpy’s laboratory.2° These experiments form 
a valuable extension of earlier researches by DucLaux. 

First of all, the specific conductance of the sol, x,, and that of 
the intermicellar liquid, «, were determined. The intermicellar 
liquid was separated by the method of ultrafiltration, which will 
be fully discussed in chapter IX. The difference between 
Ks and « represents the specific conductance of the colloidal par- 
ticles, km. Hence: 
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Determinations were made on the tin oxide sol, discussed in 
Sec. 31, and on other sols. The cataphoretic velocity was like- 
wise determined. 

The conductance is due, on one hand, to the charged particle, 
and, on the other hand, to the ions in the outer mantle of the 
double layer. Assuming that KonLRAuscn’s law of the independ- 
ent migration of the ions applies, the equivalent conductance, X, 
for the colloidal system will be: 


met ti ne, ns Se oe em 


in which u is the velocity of the K ion and v the velocity of the 
particle as we know it from the cataphoresis. 
Furthermore: 
Kin = TN, Oikchee ek) By er Sam ee 


where n is the equivalent concentration of the colloidal particles, 
in other words, the total weight of the particles in one cubic centi- 
meter of sol, divided by the weight of one particle times the num- 
ber of electrically active unit charges per particle. 

WINTGEN computes what he calls the ‘equivalent aggregation 
A,” i.e., the number of molecules of SnOz that move along with 
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one electric unit charge (in other words, the number of gram- 
molecules of SnOs transporting 96,500 coulombs of electricity). 
From equations (2) and (3) it follows that: 


A = Csno, X aa 

Km 

where ¢gno, is the molecular concentration, 1.e., the number of 
grams of tin oxide dissolved in one liter, divided by the molecular 
SnOg 
2KOH 


weight of SnOs. Representing the ratio by N, we have: 


2A 
A molecules of SnOz accompanied by W molecules of KOH 


(called B). 
From measurements of the electrical conductivity and the 
cataphoretic movement, WinTGEN determines, for sols with dif- 


ferent values of N, the factor A as shown in the second column of 
Table XIX. 


TABLE XIX 
A from 
SnO 
IN 4 : seen _| transport Structure of the micell 
KOH | condue y| numbers 
1 1 1 True solution: SnO,;~~+2K+ 


65 SnO2+2 K,0| SnO;H~ ],, -+niK+ 


170 $n0.+3 K.0} SnO;H~],,,+n2K+ 


8008n02+5.5K,0]Sn05H- ],,,-nsK+ 


1800Sn0.+9K,0|$n0;H~ |, +nsK+ 


— 
S 
o 
> 
S 
oO 
or 
Ko) 
1S) 


The next step is to measure the amount of colloid transferred 
by the current toward the anode. 

Let us review briefly the mechanism of the transport of an 
electric current by colloidal particles. In Fig. 45 (p. 93) this was 
represented schematically. Applying the result obtained (see 
Fig. 52) to the sol of SnOe, we find that the micell charged by the 
SnO3—~ ion moves to the left, and the K+ ions migrate to the right. 
In order to restore electro-neutrality, the dissolved KOH acts in 
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such a way that 2K+ ions on the left balance the SnO3~~ ion, 
while 20H~ ions neutralize the K+ ions displaced to the right. 
Hence, there has been 


Bull capige eae oars Ales transported to the 
KSKG5 Ke Keon oe Ko 

7 ian anode an amount of 
commen fof) P KOH which is the 
++ electro-equivalent of 
ENN ANEO the micells migrating 

“| ® babi sto the anode. 
te tt tt th xx VaRGA, WINTGEN, 
cole ee As = and their co-workers 
Ga I performed their ex- 


Fra. 52. periments with appa- 
ratus similar to those 
used for determining 

transport numbers according to Hirrorrr. If C coulombs pass 
through the sol, this amount of electricity is transported partly 
by the ions of the dispersion medium (spec. cond. «), partly by 
the micells (spec. cond. km = Ks — x: aS discussed in eq. (1)). For 


transporting the latter, C= coulombs are used. If then it is 


Ks 
found that 8 gram-molecules of SnOz have been transported, the 
equivalent aggregation A is found from the equation: 


The figures thus obtained are given in the third column of 
Table XIX. The agreement with the figures of Column 2 is 
indeed exceedingly good, considering the difficulties connected 
with these determinations of transference numbers. 

The factor B, discussed above, gives us the total amount of 
adsorbed alkali. For each equivalent charge, one K ion goes 
into the outer coating of the double layer; hence, the difference 
is the amount of K which is present in the micell without participat- 
ing in the formation of the double layer. This number is shown 
in the last column of Table XIX, which gives the structure of the 
micells. Only the factors n are still unknown. If we knew the 
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size of the SnOz particles, n could be computed, but so far there is 
no means of determining their size. 

Nevertheless, these investigations have greatly advanced our 
knowledge of the structure of micells and our insight into the 
composition of the double layer. 

It is very interesting to note that not all KeSnO3 molecules 
take part in the formation of the double layer. The researches 
of Varca and WinTGEN show that, for the sol with N = 50, 
about 15 per cent occur in the double layer and 85 per cent are 
outside. Such a state of affairs may safely be assumed to be a 
phenomenon of general occurrence (WINTGEN found it to be the 
case also for Fe2O3 and CreOs sols); and this in turn gives us a 
better understanding of what really takes place in the double 
layer when a sol coagulates. Only a part of the adsorbed electro- 
lyte occupies a ‘‘polar” position; and, obviously, the orientation 
of this part is not maintained when an exchange of ions takes 
place on the addition of an electrolyte, as discussed on page 67. 
After the flocculation, some electrolyte is, of course, held adsorbed 
by the particles (or the flakes) but this is practically unoriented. 


REFERENCES 


1. M. von Smoluchowski, Z. physik. Chem. 92, 129 (1918). 

2. H. von Helmholtz, Wied. Ann. Physik. 7, 337 (1879). 

3. H. Freundlich and P. Rona, Sitz. Preusz. Akad. Wiss. 20, 397 (1920). 

4. A. Gyemant, Z. physik. Chem. 100, 182; 102, 74; 103, 260 (1922); 
108, 387 (1924). 

5. G. Gouy, J. physique (4) 9, 457 (1910). 

6. F. Haber and Z. Klemensiewicz, Z. physik. Chem. 67, 385 (1909). See 
also K. Horovitz, Z. Physik. 15, 369 (1923) and H. Schiller, Ann. Physik. 74, 
105 (1924). 

(ode Rekauyt, Kole 772253101908): 

8. F. Powis, Z. physik. Chem. 89, 91 (1915). 

9. O. Stern, Z. Electrochem. 30, 508 (1924). 

10. H. Freundlich and G. von Elissafoff, Z. physik. Chem. 79, 385 (1912). 

11. A. Coehn, Wied. Ann. Physik. 64, 217 (1898); A. Coehn and U. 
Raydt, Ann. Physik. (4) 30, 777 (1909). Cf. also A. Frumkin, Z. physik. 
Chem. 109, 34; 111, 190, (1924); 116, 485, (1925). Frumkin also meas- 
ured e potentials. 

12. R. Franz, Dissertation, Géttingen (1913); E. Heinz, Diss. (1914). 

13. W. Mecklenburg, Z. anorg. Chem. 74, 207 (1912). 

14. R. Zsigmondy, Kolloidchemie, 5th ed., p. 184. 

15. R. Zsigmondy, Kolloidchemie, 5th ed., p. 172. 


108 CONSTITUTION OF THE DOUBLE LAYER 


16. A. Marck, Dissertation, Heidelberg (1910); G. Bredig and H. sak 
Gedenkboek van Bemmelen, Helder (1910), p. 342. 

17. J. Duclaux, J. chim. physique 5, 29 (1907). 

18. R. Zsigmondy, Kolloidchemie, 3d ed., p. 272. 

19. H. Freundlich and G. Scholz, Koll. Beih. 16, 234 (1922). 

20. C. von Nigeli, Theorie der Girung (Miinchen, 1879), p. 121. 

21. J. Duclaux, Les Colloides (1920), p. 112; R. Zsigmondy, Kolloid- 
chemie, 3d ed., p. 126. 

22. Cf. p. 124. 

23. J. Mukherjee, Trans. Faraday Soc. 16 A, 103 (1920-21). 

24. K. Fajans and K. von Beckenrath, Z. physik. Chem. 97, 478 (1921). 

25. F. Paneth and W. Vorwerk, Z. physik. Chem. 101, 445 and 480 (1922). 

26. G. Varga, Koll. Beih. 11, 1 (1919); R. Wintgen et al., Z. physik. Chem. 
103, 238 (1922); 107, 403 (1923) and 109, 378 (1924). 


CHAPTER VII * 
KINETICS OF FLOCCULATION 


35. Theory of Flocculation—On page 67 it was explained | 
that the mechanism of the flocculation process is governed by two 
quantities, viz., the probability of collision and the probability 
of adhesion. It has, furthermore, been shown that for suspensoids | 
the electric. charge acts as an obstacle to adhesion. Hence, the 
foregoing pages have dealt with the manner in which the electric 
charge as a determining factor for the adhesion can be modified. 

Meanwhile, it is important to give an account of the floccula- 
tion process in case the probability of adhesion is equal to unity. 
Von Smotucuowski! has put forward an interesting theory 
which has since been confirmed by various experimental investi- 
gations. Von SMOLUCHOWSKI’s argument may be indicated as 
follows: When two particles approach each other, the possibility 
exists that they will unite as soon as the distance between them is 
sufficiently short. This union is brought about either by the 
general attraction of matter or by the surface tension (these two 
quantities being, of course, not at all independent of each other). 
Von SMoOLUCHOWSKI represents each particle as being surrounded 
by a sphere of attraction, and postulates that when a second par- 
ticle enters this sphere, the two particles will unite. Therefore, 
when the probability of adhesion is equal to unity, i.e., in the 
absence of repelling forces, the problem of flocculation resolves 
itself into a discussion of the following questions: (1) How great, 
for a given sol, is the probability that a particle will enter the 
sphere of attraction of another particle? and (2), How many 
doublets, triplets, quadruplets, etc., will be formed after a given 
interval of time? The answer to the second question will depend 
upon that given to the first. 

Let R be the radius of the sphere of attraction, and r the 
radius of the particle; then the probability that a moving particle 

* A more detailed account of the contents of Ch. VII is found in 
J. ALEXANDER’S Colloid Chemistry, Vol. I, pp. 306-322. 
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will enter the sphere of attraction of another particle is equal to 
4rDR, where D is the velocity of a particle due to its Brownian 
movement. The quantity D has the following value: 


where H is the gas constant,* N the Avogadro constant, 0 the 
absolute temperature, and 7 the viscosity of the sol. 
Let no be the number of single particles at the start and 7 the 
same, after a time f: ‘ 
Nh (4 Noe 47PRnot 
Hence the change in the number of particles is given by: 
dn 
— — = 4rDRnodt 
m1 
If we consider a change in 7; which is not too great, integra- 
tion of this equation gives: 
no 10 


1 +4eDRnot 


tay 
: t 
T 


where T is a factor which has been called the time of coagulation. 


: 1 ‘ 
It is equal to or, abbreviated, ——, and has a definite 


4rDRno ano 
meaning which will be better understood shortly. 

So far, we have assumed that the particle into whose sphere 
of attraction a second particle enters is stationary; but, as a mat- 
ter of fact, the first particle is likewise in Brownian movement, and 
hence our equation must account for this: 


no 


Wal == 

ie i 

fi 
When we try to extend this reasoning to multiple particles, we 
are in a quandary as to how the mobility, D, depends on the 
number of particles. If two single spherical particles might be 
assumed to fuse together, forming one new sphere, with correspond- 
ingly increased radius, it would simplify matters; but this assump- 


* Hand © are used here to avoid confusion as R and 7' have a different 
meaning. 


Sec. 35. THEORY OF FLOCCULATION ib 


tion conflicts with reality, since as a rule the particles are held 
together in a cluster.2 Von Smo.Lucnowskr has overcome this 
difficulty by making the following assumptions: When a particle 
consisting of 2 single particles unites with another particle con- 
sisting of k single particles, the values D and F for the new par- 
ticle, consisting of 7 + k particles, will be: 


Dy = Di+ Dx; and Ry = 3(Rs + Rx). 


These two assumptions, although extremely simple, are not 
free from objection. 

On the basis of these equations, Von SMOLUCHOWSKI arrives 
at the following conclusions for the complex particles after a 
time t, where ni, n2, m3, . . . 2% are, respectively, the number of 
single, double, triple, and k-fold particles: 


no no 
a (1 a Ds + anol)? 
fh 
anot 
hone otal + anot)? 
(anot)” Ba 
nm = —_—_—__. 
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Von SmotucHowskI has further computed the change of the 
total number of particles, viz., the sum of the single, double, triple, 
etc., particles, with the time. This number, 2n, after a time ¢ is: 


no 


i), = 


1+< 
ie 


We now see that the quantity 7 is the time after which the 
number of single particles, which at the start was no, has been 
reduced to half its original value (for ¢ = T, =n = 43no). The 
coagulation time 7 is, therefore, the time required to reduce the 
number of single particles originally present to half, and forms an 
excellent measure of the speed of coagulation. 

Figure 53 is a graphic representation of the change in the total 
number of particles, the number of single particles, the number of 
double particles, etc., with the time. In this figure the coagula- 
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tion time, 7’, is plotted as unity on the axis of abscissae. The 
general run of these curves will be readily understood. At the 
start there are only single par- 
ticles, the number of which (7) 
0 decreases continually. At first 
there are no double molecules; 
later, these appear and _ in- 
crease in number; but after 
a while they become fewer 
and fewer, owing to increased 
formation of triplets, quadru- 
No Ny plets, etc. The curve for ne 
shows, therefore, a maximum. 
The same reasoning holds for 
triplets, the maximum occur- 
Fig. 53. ring, however, at a later time, 
and the number of triplets at 
the maximum being smaller than the maximum number of 
doublets. During the coagulation, the total number, Yn, de- 
creases steadily. 

The foregoing discussion applies only to cases in which the 
probability of adhesion is unity, the electric charge of the particles 
being so small that each collision must necessarily lead to a union 
of the colliding particles. When the charges are greater, however, 
not all of the collisions will result in adhesions. We might also say 
that the sphere of attraction becomes smaller in such cases. 
Hence, the radius, R, decreases when the probability of adhesion 
becomes less, and the time, 7’, simultaneously increases. Von 
Smo.tucHowski thinks that when the probability of adhesion is 
less than unity, the numerical course of the flocculation remains 
the same but the value of 7 for each probability of adhesion should 
be multiplied by some factor, e. The curves for different values of 
the probability of adhesion would be so-called “affine” curves. 
When the probability of adhesion is unity, we speak of rapid 
coagulation; for values below unity, we speak of slow coagulation. 
The very definite meanings of these expressions should always be 
kept in mind. In calculating the value of 7 from observations 
of the number of particles, we shall find a definite value for a 
given probability of adhesion, while for increasing values of the 
probability of adhesion the values of 7’ will decrease. 


mn 


4|- 
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36. Experiments on Rapid Coagulation—In checking the 
foregoing theory of Von SMoLUCHOWSKI, one has to determine the 
number of particles of a coagulating sol as a function of the time. 
In earlier investigations, the change in the number of particles 
was not measured directly but was derived from some physical 
properties of the sol, such as the change in viscosity or the change 
in light adsorption,® which were thought to be a direct measure of 
the coagulation process. It has been shown, however, that all 
these investigations are much more. difficult to interpret than those 
in which the number of particles is measured directly. Experi- 
ments of the latter kind have been performed by Zstamonpy *# 
and his pupils on the gold sol, and by Kruyt and van ArKEL ° on 
the sol of selenium. 

According to the above theory, we can determine either the 
change in the number of single particles (this is feasible in the case 
of the gold sol since these differ from the multiple particles in 
color, when viewed in the ultramicroscope) or the change in the 
total number. The second method is the easier and is therefore 
more often applied. The coagulation is allowed to proceed for 
a certain length of time; it is then interrupted and the parti- 
cles counted in the manner described later (see p. 130). The 
coagulation can be successfully arrested in many cases by the 
addition of a protective colloid, such as gelatin. The following 
table gives the measurements of WESTGREN and REITSTOTTER 


TABLE XX 


Gotp Sou. Partictes oF 96 my DriAMeTER. CoaqguLaTeD By NaCl, 
86 Mixuimoues per Liter. Sou Concentration 5.22108 PARTICLES 


PER CC. 

: : 10-8 number | ,.. 2 SMOG SS 
Time in | of Particles Time in number of 
minutes nenoe rainutes | particles x1078 

for 7=6.3' min. 
0 De eo tat se: Ona2 
1 4.35 5.0 4.39 
2 3.63 4.6 3.78 
3 3.38 5.5 3.38 
5 2.70 on6 2.68 
7 Moy 5 5) 2.25 
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for the gold sol. It will be seen that the value of T is constant 
and that the agreement between the number of particles after 
different periods of time, as found and as calculated, is satis- 
factory. The same agreement was obtained for the sol of selenium 
by Kruyt and vAN ARKEL. 

37. Experiments on Slow Coagulation.—From the standpoint 
of colloid chemistry, the study of slow coagulation is far more 
interesting than that of rapid coagulation. The latter is merely 
the investigation of a sol that has been robbed of its electric 
charge and hence can hardly be called a sol; in fact, the study 
of rapid coagulation is the anatomy of the dead body of a colloidal 
solution! The results, therefore, confirm the trend of ideas 
underlying statistical kinetics but can teach us nothing regarding 
the stability of a colloidal solution. Slow coagulation, on the 
other hand, is a kind of pathological physiology of the sol, and, 
when the probability of adhesion is changed systematically, it 
may deepen our insight into the stability of sols. 

Unfortunately, very little work has been done in this field. 
The researches of WESTGREN seem to give a more or less satis- 
factory agreement with the theory of von SMoLtucHowskI. The 
experiments of KruytT and van ARKEL, however, have decidedly 
demonstrated that the simple assumption of von SMoLUCHOWSKI, 
as regards the multiplication of the coagulation time, T by a 
constant factor, €, is incorrect. In Table XXI is given the com- 
putation of the coagulation time, 7, for the selenium sol when 


TABLE XXI 


SeLenrum Son. ParricLtes or 52 mu. CoaguLaTED By KCl, 50 Muiui- 
MOLES PER Liter. Sou or 29.7 X108 PARTICLES PER CC. 


Time in 10-8 number of Time in 
hours particles per cc. hours 


29.70 
20.90 
19.10 
14.40 
10.70 

7.70 

6.45 
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slow flocculation occurs. It is seen that 7 is not at all constant, 
and hence the curve for slow flocculation is not “affine” with that 
for rapid coagulation. 


38. Some Applications of the Preceding Trend of Thought.— 
The question obviously arises: What is the significance of the 
flocculation value in the light of the preceding theories of coagula- 
tion? As stated on page 67, the flocculation value is the quantity 
of electrolyte which completely precipitates the sol in a given time 
and in such a manner that a complete settling of the flakes shows 
the end of the flocculation process. The impression prevails 
that this condition is reached only when we are in the region of 
rapid coagulation. In the case of the gold sol, the blue colora- 
tion is always used as a criterion for flocculation, since this change 
of color, occurring within a few minutes, is indeed an indication 
that the sol will settle within a few hours. The region of rapid 
coagulation lies at about the same concentration as that at which 
the color change is observed. The selenium sol likewise shows a 
change in color: when flocculation occurs a peculiar greenish hue 
appears. This tint is noticed both at the flocculation value and 
at concentrations producing rapid coagulation. 

The flocculation value, which played such an important part 
in previous discussions, is therefore, to a certain extent, the 
concentration at which the probability of adhesion closely 
approaches unit value. It is evident that the statements made on 
page 75, regarding the relation between concentration of the sol 
and flocculation value, are based on the idea that the value 1 for 
the probability of adhesion is never actually attained. Since we 
mean by critical potential (cf. p. 66) the potential of the particles 
at the flocculation value, we overlook the fact that this definition 
depends on the probability of adhesion which exists when the 
particle is discharged at the flocculation value. If we try to 
picture to ourselves the connection between probability of adhe- 
sion and potential, we arrive at the following presentation: 

Figure 54 is an extension of Fig. 42 on page 85. A third 
graph has been added here,® however, viz., the change in the 
probability of adhesion, K, due to different values of the poten- 
tial, ¢. The curve drawn in Fig. 54 is a schematic representation of 
the probable relation for a sulphide sol. The value of K varies from 
0 to 1; it is 0 for high values of the potential and is 1 when the 
potential is 0. Experience teaches that at small concentrations of 
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electrolyte, i.e., in the region of large values for ¢, there is no appre- 
ciable change in the sol. Starting from a certain concentration, 
flocculation is more 
or less noticeable; 
hence, the curve 
representing K asa 
function of ¢ starts 
to rise at a certain 
value and contin- 
ues to rise there- 
after. Looking at 
the curve from the 
value K=1, we 
have to consider the 
fact that the veloci- 
ty of flocculation 
changes little or not 
at all at values of 
potential lying be- 
Fig. 54. tween O and the 
critical potential. 
Hence in this part of the curve, too, there is little change of K 
when ¢ varies. The whole curve, consequently, assumes an 
S-shaped course with a point of inflexion. 

For a gold sol, however, it appears that the probability of 
adhesion changes in a different manner when the boundary charge 
is changed. Investigations of Zsic- 
MONDY and his pupils’ have shown 
that, beginning at a certain concen- 
tration below which there is hardly 
any flocculation, a slight increase in 
electrolyte concentration causes a sud- 
den and decided increase in the veloc- 
ity of flocculation, and that, for still 
higher concentrations, the velocity be- 
comes rather independent of the con- 
centration. The relation between K 
and ¢ in the case of the gold sol is Fia. 55. 
shown separately in Fig. 55, to bring 
out clearly the difference in the properties of these sols. 
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Krvyt, in the article just quoted, has demonstrated that this 
difference in the relation between probability of adhesion and 
charge enables us to explain why sulphide sols show a relation 
between flocculation value and concentration of sol different from 
that of the gold sols discussed on page 77. 

Flocculation value and critical potential are, therefore, ideas 
which, while not directly applicable to definite types of dispersoids, 
have, nevertheless, a striking significance for those concentrations 
at which rapid changes in the probability of adhesion occur. 
Although the theory of von SmoLucuowskt infers that the velocity 
of coagulation is a variable quantity, the flocculation value is a 
characteristic entity in all possible flocculation phenomena. Con- 
sequently, ‘it has been possible, in preceding chapters, to draw 
valuable conclusions concerning flocculation values. 

Another question that might come up for discussion is the 
following: Why should we speak at all of probability of adhesion? 
It is conceivable that no union may take place above a certain 
potential and that a lasting union may occur below that potential. 
FRevuNpDLICcH ® has made valuable contributions to our under- 
standing of this problem. 

A particle that is somewhat charged is unable, at a certain 
temperature, to penetrate the repelling sphere of a second particle. 
If it had a greater 
speed it might pos- 
sibly enterinto that 
sphere, provided it 
were shot into the 
double layer at right 
angles by the 
Brownian move- 
ment. We know, 
however, that all 
particles have not 
the same velocity. 
The temperature 


Number of particles 


Velocity 

determines _ only Fic. 56. 

the average speed 

of the particles. The distribution of the velocities is in agree- 
ment with the well-known theory of Maxweiu. In Fig. 56 
the number of particles, for a given temperature, are plotted 
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as ordinates against the velocities as abscissae. V, is the 

average velocity, which naturally occurs most frequently for 

that temperature. If we assume that a certain critical velocity, 

V.,, is required to enable a particle to penetrate the repelling sphere 

under the stated conditions, this assumption would, a fortzorz, also 

apply to particles with velocities higher than V,.. The ratio 

between effective and non-effective collisions is given by that 

between the cross-hatched area and the unshaded portion of Fig. 

56. The probability of adhesion is, then, the ratio between the 

cross-hatched portion and the 

=n total area below the curve. 

FreuNpDuIcH, furthermore, dis- 

covered how the number of 

particles in condition for floc- 

culation depends on the loca- 

tion of V. in the figure: the 

higher the charge of the parti- 

cles, the more the position of V, 

Ve shifts to the right. FREUND- 

Bia. 57. LICH’s result is reproduced in 

Fig. 57. It is readily under- 

stood that this figure resembles the ¢ — K portion of Figs. 54 

and 55, since the number of particles fit for coagulation corre- 

sponds to the probability of adhesion, K, while the critical 
velocity, V., corresponds to the charge, ¢, of the particles. 
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CHAPTER VIII 
OPTICAL PROPERTIES OF SUSPENSOIDS 


Following a brief introduction (Chapter I) our attention has 
hitherto been principally focussed on the dynamic phenomena 
of suspensoids, which have enabled us to understand how colloidal 
systems are built up and particularly how their stability is attained 
and lost. On the basis of this knowledge, we shall now examine 
the static properties of suspensoids, and of these, first of all, the 
optical properties. 

39. Tyndall Phenomenon.—The Tynpatu effect has already 
been mentioned, on page 6. It is, generally speaking, caused 
by particles, smaller than the wave length of the light, which 
scatter the light, thereby polarizing it at the same time. While 
fluorescent light is polarized slightly or not at all,! colloidal solu- 
tions, show characteristic polarization. 

It is, however, not an easy task to make solutions that do not 
exhibit the TynpALL phenomenon in any degree. So-called 
optically void water requires a very special preparation. Dis- 
tilled water, however carefully prepared, is never completely 
optically empty. Sprine ? has shown that optically empty liquids 
may be obtained by allowing a voluminous precipitate to pass 
through a solution. Into a solution of ZnSO, he introduced so 
much alkali that the zinc hydroxide settled as a voluminous pre- 
cipitate. The supernatant liquid was then practically optically 
void. 

Srrina obtained the same result with other salt solutions, but 
not with those which on hydrolysis produce colloidal constituents. 
Alum solutions, for instance, invariably showed the TynpaLu 
effect due to the presence of colloidal AlgOs. 

It was for a long time believed, as a result of experiments 
performed by Lopry DE Bruyn,’ that sugar solutions also showed 
a permanent TYNDALL effect. Recent investigations by Wousxtr,* 
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however, have shown that the phenomenon can be eliminated in 
sugar solutions. 

RayieicH ® has derived the following relation between the 
intensity, J, of the light scattered sidewise, the volume, v, of the 
obstructing particle, the distance, d, between observer and particle, 
and the wave length, \, of the scattered light: 


r= (5). 


The formula, however, holds only for insulators; it is not 
applicable to particles made of materials that are good conductors 
of electricity. 

This formula makes it clear why substances like sulphur, 
mastic, gamboge, etc., show a peculiar bluish Tynpatu light. 
From the above equation, with \* in the denominator, it follows 
that when non-conductors are dispersed, small wave lengths are 
favored, and hence the blue color predominates in the TynpALL 
light. 

Ray.eieH also explained the blue color of the sky from the 
same point of view. The blue sky light is simply the TynpALL 
light originating from the passing of the sunlight through the 
atmosphere. The molecules of the air and, more especially 
accidental differences in density are sufficient to explain the Tyn- 
DALL light, and the blue color agrees with the foregoing formula 
of RAYLEIGH. 

The blue color of such fluids as diluted milk is also readily 
understood from the above explanation. We thus see why it is 
necessary to distinguish between the color due to light absorption 
and the color of the Tynpauu light. The non-recognition of this 
distinction leads to misunderstanding and no doubt played a 
part in Gorrun’s theory of colors. 

It should be noted that RayLrtan’s equation obtains only, as 
stated above, for extremely small particles of a non-conducting 
substance. In the case of gold particles, for instance, the condi- 
tions are somewhat different. For these, Mim °® has proposed a 
theory which has led to the result that is represented graphically 
in Figs. 58 and 59. The dot in the center of each of these figures 
indicates the gold particle. The arrows show the direction from 
which the light strikes the particle. The total intensity of the 
diffracted light in any direction is given by the portion of the 
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radius vector inside the outer curve, while the portion cut off by 
the inner curve indicates the fraction that is not polarized. Hence, 
the portion between the two curves gives the part of the diffracted 
light that is polarized. From Fig. 58, drawn for a so-called 
“infinitely”” small particle, it is seen that the light which is scat- 
tered in a direction at right angles to the path of the incident ray 
is completely polarized, and that in all other directions the light 
is only partially polarized. Fig, 59 gives the radiation diagram 


Fig. 58. Fia. 59. 


for a much larger particle. In this case the light is never com- 
pletely polarized; moreover, the maximum polarization is not 
located in a direction perpendicular to the path of the ray but at 
an angle of about 120. Mzn’s theory thus connects the size of 
the particle with the polarization of the Tynpautu light. The 
latter is completely polarized only in the limiting case of an infi- 
nitely small particle for an angle of diffraction of 90°. 

40. Color of Suspensoids.—In the previous section we con- 
sidered the nature of the diffracted (TyNnpDALL) light. We shall 
now discuss the light that is transmitted, or adsorbed, viz., the 
color of the solutions. 

Color is, indeed, a characteristic property of colloidal solu- 
tions. A dilute solution of ferric chloride is slightly yellow; 
when this solution is poured into boiling water, a colloidal solu- 
tion of Fe203 is formed by hydrolysis, and thus, with the same 
amount of iron, a deep red liquid is produced. Sols show strong 
coloration, and have more pronounced absorption bands than the 
corresponding molecularly or ionically dispersed systems. 

It is obvious that some relation exists between the size of the 
dispersed particle and the light absorption. The phenomenon 
of the change in color from red to blue, exhibited by a gold sol at 
the beginning of coagulation, has been known for years and has 
led to the search for a direct connection between light absorption 
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and size of particle. This relation, however, can evidently be 
simple only when the shape of the particles is comparable, i.e., 
when we are dealing, for instance, with spherical particles of 
different radius. When a sol flocculates, however, the particles 
coagulate in the form of warty lumps (cf. p. 111) so that not 
merely the radius but also the shape of the surface and the density 
of the particle taken as a whole are changed. This is no doubt an 
important factor in the case of the gold sol, because we are not at 
all sure that a highly dispersed gold sol is red and a slightly dis- 
persed sol blue. On the contrary, it is quite possible to prepare 
a blue gold sol which is more dispersed than one that looks red. 

Zstamonpy & found that, in general, a sol consisting exclusively 
of primary particles appears red, while the agglomeration of such 
spherical particles to multiple particles causes a change to blue. 
All blue gold sols, therefore, have undergone coagulation to some 
extent. . 

A number of investigators have studied the relation between 
light absorption and the size of the particles when the latter 
are present solely as primary particles of varying radius. It has 
been found that both the wave length which is most absorbed and 
the maximum absorption depend on the size of the particle. In 
Fig. 60 is plotted the light adsorption as ordinate against the wave 

length as abscissa, for 
five different gold sols 


GIRS with varying degrees 
; OR \ ~— of dispersion, No. 1 
| ae “ being the coarsest sol 
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a oN highly dispersed. It 


| .32 will be seen that an in- 
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crease in the degree of 

dispersion displaces 

Fia. 60. the maximum in the 

direction of the smaller 

wave lengths, and that, at the same time, the maximum value first 

rises and then decreases.? The intensity of the color, therefore, 

first increases and afterwards decreases, with simultaneous dis- 
placement toward smaller wave lengths. 

SvEDBERG has made use of this phenomenon to demonstrate 

that colloidal solutions, as their degree of dispersion increases, 
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approach the condition of molecularly dispersed systems. He 
considers this an argument for the real existence of molecules, 
i.e., for the discontinuity of 
matter. The results which 
he has obtained with the sols 
of sulphur and selenium are 
favorable to this idea. 

It might be assumed that 
the color of colloidal solu- 
tionsis greatly influenced by 
the fact that light of a cer- 
tain wave length is scattered 
as TYNDALLIight, thus show- ors 
ing a certain analogy to flu- 
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orescence. Experiments by 
SrEuBING,!° however, have Fra. 61. 
shown that the intensity of 
the TynpaLu light is only a small fraction of the total absorbed 
light. In Fig. 61, both intensities are reproduced for the same 
sol, the wave length being plotted as abscissa. The figure shows 
that the diffracted light is only a small portion of the absorbed 
light and that the maxima do not coincide at all. 

41. Behavior toward X-rays.—The investigations of von 
Lave and of Sir Wm. Braaa and W. L. Braaa !! have indicated 
that the face of a crystal acts as a grating toward a pencil of X-rays 


The molecules (later investigations have shown that atoms are 
involved) are arranged in definite planes, placed at distances 
which are of the same order of magnitude as the wave length of 
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X-rays. In Fig. 62 the horizontal lines represent a number of 
these planes. A pencil of X-rays, AH, strikes the crystal and is 
reflected by the planes drawn in the figure. Let BC be the path 
of reflection. The difference between the paths ABC and A‘B’C’ 
is given by: 

BB — BE = BD — BE = ED: 
Furthermore: : 

ED = 2d sin @, 


where d is the distance between the planessand 6 the angle of inci- 
dence. 
There will be interference when the following equations hold: 


nN 
2d 


2d sin 6 (first order) 


I 


2d sin @ (second order) 


nd = 2d sin 6 (nth order). 


Hence, a ray of light falling on a thin lamella of a given crystal 
gives rise to interference figures which are characteristic of that 
particular crystal. 

DesByrE and ScHERRER |? have modified this method for the 
recognition of crystals in such a way that it is no longer necessary 
to use a crystal plate. When a beam of X-rays hits a quantity of 
finely divided (powdered) crystals in which the separate fragments 
lie in all orientations, an interference pattern characteristic of the 
faces of the crystal fragments is, nevertheless, produced, and what 
we obtain is a circular interference pattern, as shown in Fig. 63. 


Fie. 63. 


Thanks to this method it is possible to study both powders 
and colloidal systems to find out whether they consist of crystalline 
constituents, and, if so, what the nature of the crystals really is. 
Desyk and ScHERRER have shown how these photograms can be 
used to compute the crystal system and the size of the particle. 
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The application of this method to colloidal systems and to the 
precipitates resulting from the coagulation of the colloids has led 
to the conclusion that the particles in nearly all suspensoid sols 
are crystalline. For instance, with respect to the gold sol, DEByE 
and ScHERRER found that the particles consist of tiny crystals 
having the same elementary cube as gold powder and belonging 
to the same crystal system. The size of the particles agreed com- 
pletely with determinations made along different lines, which 
will be discussed fully in the following section. The highest dis- 
persed gold sol studied by the above authors appeared to consist 
of particles having a parameter of 1.8 my, while a computation of 
the number of atoms in such a particle showed that there were 
not more than 5 atoms to the side of the cube. 

Characteristic crystal spectra were also found for a silver and 
for an As2S3 sol. 

It has thus been proved that in many cases colloidal particles 
are crystalline and that, consequently, it is superfluous to dis- 
criminate between crystalline and colloidal substances (cf. p. 8). 

42. Ultramicroscopy.—On page 5 it was stated that we are 
unable to note the presence of particles suspended in the liquid 
when looking at a suspensoid sol through an ordinary microscope. 
The particles are usually much smaller than the wave length of 
the light, and hence it is impossible to visualize them. One of these 
particles, when viewed in transmitted light, no doubt disturbs the 
beam of light to some extent, but this disturbance is so small as 
to escape notice, just as the feeble ight of a star cannot be observed 
in the day-time. In order to make sure of the presence of a 
colloidal particle, it becomes necessary to devise an apparatus 
which will separate the interference phenomenon caused by such 
a particle, from the incident light. 

Such an instrument was first constructed by StnpEwTorr and 
ZsicMonpy }? and is called an ultramicroscope. It depends, 
generally speaking, on the principle that the light used for illumi- 
nating the object does not reach the observer directly but only 
eventually in the form of an interference phenomenon. In other 
words, the particle is noticeable only by a light effect on a dark 
background (dark-field illumination). 

This principle, which forms the basis of the microscope devised 
by SrepenTopr and Zstamonpy, is illustrated in a simple manner 
in Fig. 64. The illuminating beam of light follows a horizontal 


126 OPTICAL PROPERTIES OF SUSPENSOIDS Sec. 42. 


path, while the microscope is placed vertically; when there is no 
object in the field, nothing but darkness will be observed through 
the microscope. If, however, a 
particle is present in the field of 


tS Fg the microscope and in the path 
of the light ray, a diffraction 
as > phenomenon becomes visible in 


the form of a colored ring. Such 
a diffraction ring is an indication 
of the presence of a small par- 
ticle but should not be considered as an image of the particle. 

In other words, the ultramicroscope is a refined method of 


Fig. 64. 
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|| observing the TYNDALL effect, since we observe, so to speak, the 
| TyNDALL phenomenon for each particle separately. Figure 65 
shows the ultramicroscope in its original 

form. The light from the are lamp, d, 

reaches the microscope through the lenses, f 

and h, and the movable eyepiece, 1. The 

sample is thus lighted from the side and is 

examined through the microscope, 7. The 

colloidal solution is placed in a_ cuvette, 

which in modern instruments has the form 

devised by Briurz (Fig. 66). It has a little 

window in front to admit the light for the 

illumination, and another one facing the 

objective for the observation of the diffracted Fic. 66. 
light. The great advantage of this cuvette 

lies in its easy manipulation. The solution to be observed is 
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poured into the little funnel, and then allowed to flow out, by 
opening the pinchcock. In general, it is sufficient to rinse the 
cuvette three times in order to obtain a clear image of the sample. 

By means of a cuvette holder, the cuvette is firmly attached 
to the tube of the microscope. A sharp focus is made possible 
by another device, which has, moreover, a second advantage. 
This is the slit, g, which is shown separately and enlarged in Fig. 
67. Two sets of movable screens enclose a slit, the height and 
width of which can be varied. By means of the screw, a, the 
width can be changed, while 
the micrometer screw, c, regu- (A 
lates the ,height of the slit; 
hence, only an _ exceedingly 
thin beam of light enters the 
sample. By moving the tube 
up or down, we only move 
the focus with respect to a 
stationary illuminated disk, 
and sharp focussing is thus 
made possible. The section 
advantage of this slit device 
is that we take, so to speak, 
a thin slice (cowpe) out of the 
sample, not mechanically but 
optically. Before observing a 
specimen under the ordinary 
microscope, we slice off me- 
chanically a thin section to 
avoid being disturbed by 
blurred images of objects 
higher or lower than the one under examination. The same 
result is obtained here by illuminating only a very thin layer of 
the sample. 

In addition to the original ultramicroscopic apparatus, a 
number of other systems have come into use in the course of time. 
The slit-ultramicroscopic arrangement might be called a system 
with orthogonal illumination, since observation and illumination 
take place at right angles to each other. Several other systems 
use co-axial illumination, whereby the direction of the incident 
ray coincides with the direction in which we observe the specimen. 
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This, however, would, as we have seen, preclude direct ultra- 
microscopic observation, and hence some sort of artifice is required 
to prevent the illuminating ray from reaching the observer. 

The simplest way to do this consists in the application of a 
central diaphragm inside the condenser of the illuminating system 
(Fig. 68). The middle part of the light cone is cut off, and the 

remaining part, which leaves the 
FO condenser at an obtuse angle, 
a ain lights the, sample through the 


— 


> -..— immersed drop. After passing 

| th _ through the sample, the light is 

Fic. 68. totally reflected against the cover 

glass, and no direct light reaches 

the observer. Only light disturbances caused by particles that 

may be present are noticed, so that here again we have con- 

ditions favorable for ultramicroscopic observation. A great | 

disadvantage of this system is the fact that only the outer rays 

are used and the best part of the light cone is cut off. The 

modern condensers used for ultramicroscopic work obviate this 
difficulty. 

Figure 69 shows the paraboloid condenser. The side faces of 
this condenser consist of a parabolic mirror surface. The tip of 
the light cone is again located in the 
specimen and direct observation of 
the light beam can be prevented by 
using an objective having an aperture 
smaller than that of the light cone. 
Under those conditions it is, there- 
fore, impossible to observe the light 
directly, and only diffraction images 
appear on a dark background. 

The principle of this condenser is 
repeated in several other types, repre- Fic. 69. 
sented in Figs. 70 and 71 and known as 
cardioid and mirror condensers, respectively. The excellence of all 
these devices depends on their providing for maximum illumination 
of the sample, which they cannot do unless the tip of the light cone 
is a perfect point. ‘The cardioid condenser no doubt approaches 
this ideal most closely. This condenser cannot be used to advan- 
tage, however, unless the glass slide, the cover glass, and the depth 


~-croscope, enables one to obtain 
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of the specimen meet rigid specifications. For this reason, these 
instruments, although otherwise excellent, are, as a rule, not well 
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Fig. 70. 


adapted for use in colloid-chemical laboratories, where the clas-_ 
‘sical slit-ultramicroscope still remains the most practical instru- 
‘ment at least, insofar as liquid 
systems are concerned. 

The slit-ultramicroscope has 
recently been modified in such a 
way that the cuvette is omitted 
entirely (Fig. 72). Theobjective 
of the horizontal illuminating : 
system isso close to theobjective 7 . rs Sam es 
of the microscope that a drop of 
the sol can simply be suspended 
between the two objectives. The 
sol thus acts as immersion liquid 
and as specimen at the same 
time. The new instrument, 
called the immersion ultrami-_ 


Optic Axis of 
Microscope 


a greater resolving power (par- 
ticles of 4 mu are visible); but, Fre. 72: 

on the other hand, the freely sus- 

pended drop is the cause of rapidly changing microscopic images. 
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The ultramicroscope of Corron and Mouton !* should also 
be mentioned. A block of glass, as sketched in Fig. 73, is used as 
condenser. The light of the 
incident beam strikes the 
sample at an angle and is 
totally reflected against the 
cover glass. This system, 
therefore, stands between 
those using orthogonal and 
those employing co-axial illu- 
mination. 

43. Determination of the 
Particle Size.—It was stated 
previously that in the ultra- 
microscope we observe only 
the interference rings caused by the particles and that these, as 
a rule, are not a measure of the size of the particles. Since the 
knowledge of the size of the particles is of great importance in 
colloid chemistry, different ways of evolving a suitable method 
have been tried out. 

The most direct way that has been successfully followed, for 
instance, for gold sols, is that which makes use of the ultramicro- 
scope. Let us consider a sol containing a known weight of gold 
per liter. Assuming, for the present, that the particles have the 
same density as a piece of solid gold, we also know what the total 
volume of the gold particles is. All that remains to be determined 
is the number of particles into which this amount of gold is divided. 
In order to do this we have to count the number of particles in a 
definitely known volume. Since the count has to be carried out 
in the ultramicroscope, the field of vision must be defined in a 
precise manner. To this end, an Exnriicu diaphragm is placed 
in the eyepiece and a solution of fluorescein poured into the 
cuvette in order to obtain a bright green field which will enable 
us to measure the length and breadth of the visible field by means 
of an eyepiece micrometer. Using the slit-ultramicroscope, we 
can determine the depth of the illuminated volume of liquid by 
turning the slit through 90° (lig. 67). What was depth before 
now becomes breadth and can be measured with the eyepiece 
micrometer. In the cardioid microscope, the height of the 
chamber is determined by first focussing the cover glass and then 
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the glass slide. The distance between them is read on the microm- 
eter screw of the microscope. This distance is so small that all 
particles present in the enclosed area can be observed by focussing 
the midway plane. Having thus accurately determined the size 
of the blocked field, one pours the sol into the cuvette. The 
dilution is so chosen that there are only two or three particles, on 
the average, in the field. Since the particles are in Brownian 
movement, the number does not remain constant; hence, it 
becomes necessary to take the mean of 100 to 200 counts. From 
the number of particles in the dilute sol, it is easy to compute the 
number present in 1 liter of the original sol. If we imagine the 
particles to be spherical, the volume of a single particle can be 
calculated: 

In this way, the average size of the particles is found. The 
results are, however, only reliable when we are sure that no 
amicroscopic particles are present in the sol, in other words, 
that all particles in the blocked volume have actually been 
counted. 

Zstamonpy !° applied an ingenious method of measuring the 
size of an amicroscopic gold sol. He observed that reduction of 
AuCls, in the presence of colloidal gold particles, results in the 
precipitation of the gold on the preéxisting gold particles (for 
further particulars, see p. 153). These, therefore, grow without 
increasing in number, until well above the limit of ultramicroscopic 
visibility. The count of these visible microns corresponds to that 
present in the amicroscopic sol. This number, together with the 
known concentration of the original sol, gives the size of the 
amicroscopic particles. 

Since we know how many molecules are present in a gram- 
molecule, viz., the so-called AvocapRo constant: N = 60.6 X 10??, 
we also know the size of the molecules. While the dimensions of 
colloidal particles usually lie between 2 and 200 mu, those of mole- 
cules lie as a rule below 1 mu. In Fig. 74 is given a schematic 
summary of the size of various particles with dimensions ranging 
from that of a blood corpuscle to that of a hydrogen molecule. 
Since these dimensions vary enormously, the figure is drawn to 
three different scales, as indicated by the accompanying text. 
In each case the last example of a preceding scale is repeated 
(enlarged) on the next scale. 

For measuring colloidal particles that are not too small, there 
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is another method, which consists in determining the speed with 
which the particles settle. 

For instance, a selenium sol, prepared in the following manner, 
may be employed: 


SeO2 + NeHa = Se + 2H20 + Noe 


The method used is that of particle growth, applied to gold 
sols by Zsigmonpy (p. 131), viz.: to the first-formed Se sol 
more SeOz and hydrazine are added. In this way comparatively 
coarse particles are obtained. If this sol is allowed to stand in 
a graduated tube, it will be seen that the orange-colored selenium 
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Fig. 74. 


particles settle after a while. The velocity of settling is measured 
and the size of the particles determined by means of Stoxss’ law. 
This law is mathematically expressed by the formula: 


W = 6rnrs, 


where 7 is the viscosity of the medium, r the radius of the particle, 
s the steady rate of falling, and W the force of friction, which in 
this case is equal to 47r?(dpartire — dmedium)g. In this latter ex- 
pression d is the density and g the acceleration due to gravity. 
Using this method, van Arxet !© found for the radius of the 
particles in a selenium sol a value of 63 my, while the value obtained 
by counting was 59 mu. 

This drop method is obviously applicable only in the case of 
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coarse suspensions; to this end it has been modified in several 
different ways.!® 

“A number of other physical properties have been tried for the 
determination of the size of particles in sols,!7 but these as a rule, 
are rather unsatisfactory. 

Finally, we recall the statement made in Sec. 41 that the method 
of X-ray analysis also gives us an idea regarding the size of col- 
loidal particles. 


44. Double-refracting Sols.—Under certain conditions, some 
sols show the remarkable property of double refraction. This 
was originally discovered for the Fe2O3 sol,!® but the first system- 
atic investigation was made with the aid of the sol of V2Os. 
FREUNDLICH and DinssELHorst !° had already observed that this 
sol, prepared by the method of Bru1z,?° appeared to be double- 
refracting, at least after some time, when allowed to run through 
a tube. The same phenomenon could be seen between crossed 
nicols on placing the sol in an electric or magnetic field. The 
reddish-brown sol exhibits this peculiar property of becoming 
double-refracting by the dark streaks which appear on shaking 
and vanish when the liquid is left alone. Ultramicroscopically, 
it was found that the sol contained elongated particles. Although 
the interference picture in the ultramicroscope cannot give direct 
evidence of the shape of the particles, it is nevertheless a fact that 
a very pronounced one-sided development of the particles produces 
a correspondingly shaped diffraction image. Hence, we notice, 
in the case of the V2O5 sol, long needles instead of rings as in the 
case of other sols. 

A further ultramicroscopic study 7! has confirmed the con- 
jecture of FReuNDLIcCH and DriEesELHOoRST; hence the above 
phenomenon is to be explained as follows: When the sol is set 
in motion, as, for instance, by allowing it to flow through a tube, 
the particles arrange themselves lengthwise in the direction of 
flow, so that a minimum of friction is encountered. Likewise, 
when cataphoretic motion is caused by an electric field, or when a 
magnetic field is produced, an orientation of the particles in the 
direction of the stream lines is effected. é 

Being crystalline and double-refracting, the particles, when 
placed with their optical axes all in one direction, act as one unit, 
and the sol as such shows double refraction. If the particles lie 
unoriented, they will cause certain disturbances in the path of 


134 OPTICAL PROPERTIES OF SUSPENSOIDS Sec. 44. 


transmitted rays, but the particles are too small, and these dis- 
turbances too insignificant, to give rise to a perceptible turbidity. 
However, if one stirs the sol a localized phenomenon of orientation 
is produced and codperation of parallel particles in stream lines 
takes place, thereby causing an apparent turbidity. 

It is evident that not only needle-shaped particles but also 
disk-like particles show similar phenomena. The above-mentioned 
investigators found corresponding phenomena for sols that did 
not consist of elongated particles; the fact that these particles 
were disk-shaped was demonstrated in the following manner. 

When the particles of the V205 sol are studied in the slit- 
ultramicroscope, it appears that particles oriented in the direction 
of the incident ray are invisible; on the other hand, particles 
placed at right angles to the direction of the incident ray, and those 
that do not deviate from that position by more than 25°, can be 
observed. Years ago, StepENTOPF 2? found that particles which 
vary considerably in length and breadth can be noticed only 
when their long dimension is perpendicular (or nearly so) to the 
direction of illumination. 

When dealing with disk-shaped particles, therefore, we shall 
observe these only in case their maximum cross section is perpen- 
dicular, or approximately perpendicular, to the direction of the 
incident ray. Since these small disks are in constant motion due 
to the Brownian movement, and topple over once in a while, 
they will alternately assume favorable and unfavorable positions 
for observation. In the ultramicroscope this is revealed by a 
constant scintillation, one and the same particle being alternately 
light and dark. This peculiar phenomenon is characteristic of 
disk-shaped particles. 

In the beginning, the crystallinity of the particles of the V2Os5 
sol was a subject of controversy. This is not surprising, since 
at the time of the first observation of this phenomenon the re- 
searches of DrByr and SCHERRER (see p. 124) had not yet been 
made. Previously, WimNER and AMBRONN had shown that small 
rods, which in themselves were not double-refracting, could give 
rise to a phenomenon of double refraction when oriented in the 
same sense in a liquid. | 

Reinpers 74 found later that the peculiarities of the V2Os sol 
could be reproduced with various other sols, prepared by dispers- 
ing suitable inorganic substances of unquestionable crystalline 
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nature with the aid of protective colloids. At present there can 
be no doubt that all these sols are crystalline. Hence, the 
phenomenon of double refraction of sols, due to the orientation 
of the particles, must be ascribed to the crystal character of the 
particles. It occurs whenever at least one dimension is consider- 
ably smaller than the other dimensions. 

Recent investigations of FrReuNpLIcH and his pupils 7° have 
led to a confirmation and extension of these ideas concerning the 
double refraction of sols. Interesting data have been revealed 
since Szpavart 7° introduced the azimuth diaphragm in his work. 
This is a diaphragm in the form of a slit which is placed underneath 
the cardioid condenser, thus replacing the uniform illumination 
by a one-sided illumination. It appears that in concentrated 
V20s5 sols there are always present ageregates of parallel particles, 
a fact which bears a remarkable resemblance to the liquid crystals 
of Bosn’s ‘‘swarm”’ theory.?’ 
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CHAPTER IX 


PROPERTIES OF SUSPENSOIDS FROM THE KINETIC 
POINT OF VIEW 


45. Brownian Movement.—When Zsiagmonpy, in 1904, made 
the first observation with the ultramicroscope, he was struck by 
a phenomenon which he describes in the following sentences: 4 


The small gold particles no longer float, they move— 
and that with astonishing rapidity. A swarm of danc- 
ing gnats in a sunbeam will give one an idea of the motion 
of the gold particles in the hydrosol of gold! They hop, 
dance, jump, dash together, and fly away from each 
other, so that it is difficult in the whirl to get one’s 
bearings. 


Indeed, the phenomenon of Brownian movement, which had 
first been observed and described in 1827 by the English botanist, 
RospEerRtT Brown,? aroused more general interest through Zsic- 
MONDY’s observations than ever before. Nevertheless, BRown’s 
observations were worthy of serious consideration, as were also 
the experiments which he performed in connection with this 
phenomenon and the explanation which he suggested. 

Brown noticed that the pollen of Clarckia pulchella, when put 
into water, showed a continual vibratory motion. Although he 
thought at first that this was a phenomenon pertaining to life, 
he convinced himself that any material, provided it is sufficiently 
finely divided, gives rise to the same erratic motion. Plant 
residues which for several decades had lain in an herbarium, as 
well as the coal which they gave on combustion, finely ground 
amber, and powdered minerals, all showed this peculiar irregular 
movement. In fact, Brown describes an amusing experiment in 
which he pulverized a piece of an Egyptian sphinx and observed 
the same phenomenon in the undoubtedly lifeless particles thus 
obtained. 

137 


138 SUSPENSOIDS FROM THE KINETIC POINT OF VIEW Sec. 45. 


He then made sure that no outside influences affected the 
phenomenon. ‘This negative proof has been confirmed by widely 
varying methods in the course of the nineteenth century.? The 
movement is not affected by mechanical vibrations, unequal dis- 
tribution of heat, the influence of surface tension, or electrical 
factors; and numerous investigators after Brown have rightly 
stated that the Brownian movement is a general property of finely 
divided matter. 

However, the motion of the particles,, when viewed through 
the ordinary microscope, never amounts to more than a slow vibra- 
tion, and hence the phenomenon did not attract much attention 
on the part of Brown’s contemporaries, even after the remarkable 
development of the kinetic theory of gases in the course of the 
nineteenth century. What Zsiamonpy observed was, however, 
such a clear picture of molecular motion as conceived by the 
kinetic gas theory, that after 1903 the interest in the Brownian 
movement was actively revived both theoretically and from the 
experimental point of view. In terms of the kinetic theory of 
gases, the temperature is determined by the kinetic energy of the 
molecules, i.e., by their }mv*, where m is the mass and v the 
velocity of the particle at that temperature. If the Brownian 
movement of a colloidal particle is considered as a heat motion 
corresponding to the temperature of the sol, 3mv? must be the 
same for a molecule of the dispersion medium and for a colloidal 
particle; they vary considerably in m and for this reason must 
have correspondingly different values for v at the same temperature. 
We know the velocity of the molecules from the kinetic theory of 
gases, and also the size of a visible colloidal particle, as discussed 
on page 1380. Hence, if the velocity of the particle were known, 
the size of the molecule would be the only remaining unknown 
and could be calculated from the other data. 

Our first thought, then, would be to reproduce by means of a 
drawing apparatus the path of a particle, measure it, and compute 
the velocity from these measurements. Attempts to arrive at 
the size of the molecules in this manner failed,* as we now realize, 
for obvious reasons. If we calculate how many collisions a col- 
loidal particle of even comparatively large dimensions suffers, we 
arrive at the conclusion that a gamboge particle of, say, 400 mu 
diameter, at 17°, changes its direction by an angle of 90° thirty 
million times per second. Hence, it is absolutely impossible to 
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follow the path of a particle with the eye or by means of a moving 
picture apparatus. What is supposed to represent the course of 
the particle is in reality only a very crude image of it. 

Since the possibility of measuring the velocity of the particle 
appears to be excluded, an entirely different line of attack is 
necessary to solve the problem. What we can determine is the 
rectilinear displacement of a particle in unit time. Ersrer,® 
and, almost simultaneously, von SmotucHowskt ” have calculated, 
on the basis of probability considerations, what the average dis- 
placement of a particle must be. They obtain the following value 
for the mean displacement, A,, in the direction of a horizontal 
axis, Xv: 


where RF is the gas constant, 7 the absolute temperature, N the 
constant of AvocapRo, 7 the viscosity of the medium, and r the 
radius of the particle. In this expression we recognize the quantity 
DW’ which is connected with the kinetic energy of the particle, 
and. the expression 6z7nr, which in Sroxss’ law denotes the ratio 
of the velocity to the force of friction for a particle moving in a 
liquid. 

Different investigators ® have chosen this theory as a founda- 
tion for their experiments, since it opens, for the first time, a way 
to determine the highly important factor VN, AvoGADRO’s constant. 
We shall devote our attention especially to the work of Prrrin.? 

PERRIN employed, in all his experiments, disperse systems of 
gamboge and mastic. These were very carefully prepared and 
were separated by fractional centrifuging into systems having 
particles of uniform size. The sizes ranged between 0.212 and 
11.5 mp. 

These particles are visible in the ordinary microscope. Their 
size was determined by direct measurement either from the rate 
of fall, according to Stoxss’ law, or else by counting. The path 
of a particle was sketched on cross-section paper by indicating 
its position after equal intervals of time. In different series of 
measurements this period was either 30, 60, 90, or more seconds. 
By carrying out a large number of measurements PERRIN succeeded 
in estimating the average displacement during the stated period 


i 


140 SUSPENSOIDS FROM THE KINETIC POINT OF VIEW See. 46. 


of time. By calculating by means of Ernstern’s formula the 
constant N, he obtained the results given in Table XXII. 


TABLE XXII. 


’ Radius of 
SEN the particle _ 
Gamboge..... 0.50 w GO 1022 
0.212 (x X10” 
IMEI, oo node 5.50 Sue L O22 
0.52 W248 XA022 


0.367 697 =><1072 


This table shows that the values for N found in the various 
determinations fluctuate somewhat, but we can infer from these 
data that N is independent of the size of the particles. This 
result is extremely important when it is remembered that a particle 
with a radius of 5.5 w is 17,000 times larger than one with a radius 
of 0.212 yu. Prrrin rightly considered this result a strong con- 
firmation of the kinetic theory of gases. In fact, the trend of 
thought here developed is applicable to systems of such variety of 
sizes that extrapolation to particles with molecular dimensions 
seems justified. 

Hence, the kinetic theory of gases holds, irrespective of the 
size of the particle under consideration; in other words, the kinetic 
energy of all particles is alike at the same temperature. This 

“conclusion considerably broadens our knowledge of the properties 
of colloids. 

Modern investigations, in which other methods were employed, 
have shown that the most accurate value for N is 60.6 X 107°. 

46. Diffusion.—The speed of diffusion is governed by the law 
of Fick, which is expressed in the equation: 

de 
dm = Dq —dt, 
dx 
where dm is the quantity of matter which in the time ¢ moves 
through the cross section g when the concentration gradient on 


: ’ Re de ee 
either side of that cross section is equal to =. The diffusion con- 
bi 
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stant, D, is, therefore, the quantity of matter which in unit time 
moves through the unit of cross section for a difference in concentra- 
tion equal to unity. Ersrerm !° noticed that this diffusion 
constant is closely related to the displacement, A,, discussed in 
Sec, 45, in such a way that: 


Az eee ah 
= hence, D = Sees 


SvepserG !! checked this equation and confirmed it in his 
experiments with gold sols. Here too, it appears that colloidal 
particles behave like large molecules. 

_ In an entirely different way, Prrrin !? applied this idea with 
the aid of the previously mentioned disperse systems of mastic 
and gamboge. PERRIN reasons as follows: Let us consider a 
liquid column of such an emulsion. Any particle that consists of 
matter of greater density than water is pulled down by the force 
of gravity; its Brownian movement, i.e., its tendency to diffuse, has 
an upward component which tries to balance the tendency to fall. 
The final result is that after a while the particles distribute them- 
selves in such a way that the concentration at the bottom of the 
column is quite large, that at the top very small, and intermediate 
values occur between top and bottom. 

The quantitative relations may be represented as follows: We 
are dealing with a system containing 7 particles per unit volume. 
The tendency to diffuse upward can be expressed numerically by the 
“ osmotic pressure,” as derived from the theory of dilute solutions. 
The latter is equal to — Let us next consider two levels in 
the column of liquid at heights h and h + dh from the base. When 
these layers have reached equilibrium the number of particles in 
each is n and n + dn, respectively. The diffusion tendency in 


RT RT 
these layers is care and (n+ Dae so that a difference of 


Tae Soe. : 
_ an in diffusion tendency exists. 


The influence of the gravitational force is governed by the 
quantity ¢(dze — dy,0), where ¢ is the volume of the particle, de 
its density, and dy, the density of water. Equating these two 


142 SUSPENSOIDS FROM THE KINETIC POINT OF VIEW Sec. 46. 


forces which balance each other, we obtain: 


kT 
= any = no(da = dy,0)9 dh, 


which may be written in the form: 


Be EE pea 
> ON o(da H,0)9 dh 


We can integrate this expression between m and ng 
at the respective heights hy and hz and obtain: 


ee] 2? = ole depts | 
N nN1 
PERRIN placed his mastic emulsion under the 
microscope and focussed the latter at different 
1 heights, each time counting the number of par- 
>| ticles. In this manner he obtained the nu- 
4 merical results given in Table XXIII. One 
series of his experiments is graphically repre- 
sented in Fig. 75. If the number of particles 
at the height h = 5 is arbitrarily fixed at 100, 
one notes at the other heights corresponding 
figures, as found (Column 2, Table XXIII) and 
as calculated (Column 3). The agreement is quite 
remarkable. 


TABLE XXIII 


Fig. 75. 


ee Number Number 
Height in found computed 
5 100 100 
15 43 45 
25 99 21 
35 10 9.4 


The formula derived and the discussion leading to it are similar 
to that which is used for finding an expression for the density of 
the atmosphere, viz.: 


Yeeme hgeia)s 
p2 
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It is interesting to note that 6 kilometers in the atmosphere of 
the earth are equal to 10 uw in the mastic sol! 

Burton,!? as well as Porter and Hepars,!* has pointed out, 
however, that Perrin’s formula cannot possibly apply to colloid 
systems in general. Writing formula (1) in the form: 

ne 


In— = K(hi — ho), 


nN1 


wah 
where K = a ¢(da — dy,0)g, we find, on substituting the values 


for a silver sol, K = 5000. This would mean that the concentra- 
tion of silver in a silver sol at a given layer is 5000 times that of a 
layer 1 cm. higher than the first! This result conflicts flagrantly 
with the experience of any chemist who has ever worked with gold 
or silver sols. Strange to say, WESTGREN’s results were in com- 
plete accord with the equation of PrRRIN over a depth of 1.1 mm. 

PortEeR and HeEpGss state 
that the formula of PERRIN 
assumes the validity of the 
law of Boyt, while the com- 
putations show that the volume 
of the particles plays a large 
part. Taking this factor into 
account, one finds an expression 
of different form. This is well 
shown in the accompanying 
diagram, Fig. 76, where both Depth 
PorteEr’s and PERRIN’s curves Fic. 76. 

(the latter dotted) are drawn. 
It is seen that they coincide for a small difference in level, 
but deviate considerably for greater differences. 

47. Osmosis.—Osmosis may be regarded as diffusion inter- 
rupted from one side only. When water and a sugar solution are 
in contact with each other, the sugar molecules move in the 
direction of the water, and the water molecules, conversely, 
migrate in the direction of the sugar solution, since the concen- 
tration gradient for these molecules is negative in the directions 
indicated. If the two are separated by a wall that allows the 
passage of the water, but not of the sugar solution, only the 
water molecules move; hence, the osmotic phenomenon is the 


Number of particles 
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result of the one-sided flow of water. The osmotic pressure that 
compensates for this phenomenon is a pressure that forces through 
the membrane, in the direction of the water, a number of water 
molecules equal to that which, by diffusion, would enter the sugar 
solution. 

The magnitude of this osmotic pressure is determined by the 
number of kinetically active particles present in one liter of the 
solution, according to the law of vAN’T Horr: 

ma RT 
where 7 is the number of particles and V the volume of the solu- 
tion. From the preceding discussion, it is clear that the size of 
the particles in the solution is immaterial; what does matter is 
the number present per liter. Van’r Horr’s law indicates that 
when one gram-molecule, i.e., 60.6 107? particles, is present in 
one liter at 0° the osmotic pressure will be 22.4 atmospheres. 
This rule can be directly applied to colloids. 

If, however, one calculates what this pressure must be for a 
colloidal solution, the conclusion is readily reached that it hardly 
exceeds the limit of perceptibility. 

Let us imagine, for instance, a gold sol with particles having a 
mean diameter of 4 my. If we work with round numbers, a sol 
having 1 g. of gold per liter contains 50 cu. mm. of gold, while 
the volume of each particle is about 50 cu. my. One liter of the 
sol contains, therefore, 10!® particles of gold. If a sol with 
60.6 X 102% particles is called a “normal solution,’ this sol is 
0.000002 normal, and its osmotic pressure amounts to 3 mm. of 
water, corresponding to a lowering of the freezing point equal to 
0.000004°. 

It is obvious that colloidal solutions will show no measurable 
osmotic pressure, no depression of the vapor pressure, no lowering 
of the freezing point, and no rise of the boiling point. This cor- 
responds, in general, with the known facts. 

Nevertheless, it is not an easy task to confirm this inference 
experimentally with complete certainty. As a matter of fact, 
colloidal solutions always contain a certain amount of peptizing 
electrolyte (cf. p. 84) which is partly adsorbed by the particles 
but also occurs in adsorption equilibrium in the intermicellar 
liquid. The liquid system is, therefore, never a sol alone but at 


Sec. 48. DIALYSIS 145 


the same time a true solution. In the determination of the lower- 
ing of vapor pressure, the rise of boiling point, and the depression 
of freezing point, the substances in true solution must of necessity 
complicate the phenomenon. An attempt has been made, in 
measuring osmotic pressures, to eliminate the influence of any 
electrolytes that may be present in the sol, by selecting an osmotic 
membrane that is pervious to substances in true solution but 
impermeable to colloidal substances. These properties, as we 
have seen, are characteristic of parchment paper, fish bladder, and 
collodion, the so-called dialysis membranes. It is to be expected 
that further elimination of the influence of substances in true 
solution could be effected by measuring the osmotic pressure not 
with respect to water but with respect to the intermicellar liquid. 
Hence, the osmotic phenomenon has been measured against the 
ultrafiltrate (cf. Sec. 49 of this chapter). 

This method of procedure is based on the idea that substances 
in true solution, under the conditions just described, do not par- 
ticipate in the osmotic equilibrium. However acceptable this 
may appear at first sight, Donnan’s theory, which will be dis- 
cussed on page 203, shows that even under these circumstances a 
direct measurement of the osmotic pressure does not permit 
conclusions, based on the law of vANn’T Horr, regarding the num- 
ber of colloidal particles that might cause the osmotic phenomenon. 

Moreover, the greater the accuracy and the care with which 
the osmotic measurements are carried out, the more closely the 
final value approaches zero, in agreement with the reasoning given 
at the beginning of this section. 

48. Dialysis—On page 9 reference was made to dialysis. 
In connection with what was said in Sec. 47 it is clear that we can 
dialyze without any appreciable excess pressure only because the 
osmotic pressure of the colloidal particles approaches the value of 
zero so closely. As a matter of fact, there is no fundamental dif- 
ference between a dialyzer and an osmotic cell in which colloidal 
systems are measured. 

Nevertheless, in dialyzing, the impression is often gained that 
colloidal solutions exhibit quite a noticeable osmotic pressure; 
frequently the liquid inside the dialyzer rises considerably, 
especially during the first period of the dialysis. There is no 
doubt that we can look upon this process as an osmotic phenom- 
enon; but it is not an equilibriwm phenomenon, as required by 
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the law of van’r Horr. It is caused by the fact that substances 
in true solution, although capable of passing through the mem- 
brane, nevertheless encounter a considerable resistance as com- 
pared with water. Hence the inflow of water exceeds the total 
outflow of water and electrolytes. Owing to the resulting excess 
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pressure, the counter current is reinforced and hence the phenom- 
enon becomes less pronounced after a while. 

Parchment paper is the classic material, extensively used by 
GRAHAM in various forms (see Figs. 1 and 77). It is put on the 
market in different shapes, which have 
certain advantages in dialyzing: thimbles 
consisting of one piece (SCHLEICHER and 
Scutity, Fig. 78); and long tubes which 
are sealed by means of some colloidal paste 
(Desaca). These U-shaped tubes are filled 
with the liquid to be dialyzed and are 
placed in water, which is continually renewed 
(Fig. 79). This procedure can be reversed 
by allowing the water to run through the 
tube while the colloid is in the outside 
vessel. In this way the process can also be 
carried out at higher temperatures, to insure rapid dialysis.!° 
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Even so, parchment paper is a slow dialyzing material; it offers 
considerable resistance to water as well as to electrolytes. More- 
over, it is not always easy to obtain 
fairly large sheets of parchment paper 
free from small holes. Fish bladder 
and various amnion membranes are 
to be preferred. Collodion membranes 
are most widely employed since they 
are easy to make and permit an exceed- 
ingly rapid dialysis. 

A 6 per cent collodion solution, as 
used in photography for wet plates, 
can be poured into any desired shape. 
When this is immersed in water, both 
alcohol and ether are displaced by water 
and a membrane of sufficient strength 
is obtained. Thimbles are made by 
pouring the collodion solution over the 
outside of a test tube. It is also 
feasible to soak filter-paper thimbles, such as those used for 
the SoxHLET apparatus, with the collodion solution, and thus 
prepare durable dialysis thimbles. 

It is, of course, necessary to have as much clean water on the 
outside of the membrane as is possible. This means that the 
outside water has to be frequently renewed in order to obtain the 

highest possible con- 

centration gradient. 

ZSIGMONDY and 
} Hryer!® have con- 
4 structed a dialyzer 
" which satisfies the 
severest require- 
ments (Fig. 80). A 
collodion membrane 
is attached to an 
ebonite ring. This 
dialyzer is then placed on top of a star-shaped chamber 
so that the outside water is only present as a thin column 
of liquid which can be continually renewed without using too 
great quantities of distilled water. On account of the peculiar 
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Fig. 79. 
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shape of the dialyzing chamber, the instrument is called a “‘star- 
dialyzer.”’ 

A method has been devised to increase the dialyzing effect so 
that the time is shortened. This is the process of electro-dialysis, 
a combination of dialysis and electric transport. The principle is 
illustrated in Fig. 81. The instrument consists of three compart- 
ments, the second of which 
contains the colloidal solu- 
tion. The two outer cells 
are separated from the 
middle one by two dialysis 
membranes, M,; and M2; 
two electrodes, H,; and F2 
are inserted in_ these 

Fig. 81. chambers while fresh water 

is introduced continually. 

The electric current carries the electrolytes into the outer com- 

partments. The effect is further increased by the special prepara- 
tion of the membranes.!” 


49. Ultrafiltration.— Dialysis is still at best a comparatively 
slow process. In order to deprive a sol quickly of its intermicellar 
liquid, we can accelerate the dialysis phenomenon by forcing the 
intermicellar liquid through the membrane under pressure. This 
process is known as ultrafiltration. The membranes employed 
are made from collodion dissolved in glacial acetic acid or in alcohol- 
ether. 

This forced dialysis, or osmosis (depending on the point of 
view), is sometimes useful for preparatory purposes. On page 104 
we saw, for instance, that such a separation of the intermicellar 
liquid serves a definite purpose. It has been wrongly assumed, 
however, that ultrafiltration in itself affords a means of determin- 
ing the size of the particles. By choosing different concentrations 
of collodion solution, membranes of different degrees of permeabil- 
ity are obtained, and this has been considered to be due to different 
degrees of porosity of the membranes, the latter acting as sieves. 

This assumption, however, appears to be largely incorrect. 
Filter and membrane action is only to a limited extent comparable 
with the action of a sieve, and is much more dependent on the 
adsorption at the capillary wall than on the mechanical dimensions 
of the pores. For instance, a positively charged colloid cannot be 
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filtered through a negatively charged filter paper, when the latter 
is rather thick; a negative sol, however, passes through easily. 
This question will be reconsidered later. BrcHHo.tp !® has 
reported a close connection between the concentration of his 
membranes and the size of the particles held back by them, but 
this fact in itself does not prove anything regarding the sieve 
mechanism of the ultrafilter. It is also possible that the adsorb- 
ability runs parallel with the particle size. If we could consider 
substances that are comparable as regards their adsorbability and 
their electro-adsorbability, a direct connection between the size 
of the particles and the nature of the ultrafilters might add some- 
thing to our knowledge of the size of the particles; but a com- 
parison of completely dissimilar substances, on the basis of their 
behavior toward ultrafilters, does not permit any conclusion regard- 
ing the size of the particles. 

Ultrafiltration, therefore, is exclusively a useful experimental 
process. It cannot furnish a direct method for studying particular 
properties of a sol. 

The theory regarding the nature of the dialysis membrane has 
been strengthened by experiments of W. Brtrz ! on the perme- 
ability of collodion membranes for aniline dyes. He arrived at 
the conclusion that the permeability of such a membrane depends 
on the number of atoms present in the molecule of the dye. If 
the number is less than 45, the dye passes the membrane readily; 
for a number exceeding 45, the permeability decreases rapidly; 
while it is practically nil for dyes containing between 55 and 70 
atoms per molecule. Tor molecules with more than 70 atoms, the 
membrane is absolutely impervious. 

At first sight it might be thought that the mechanical dimen- 
sions of the molecule really do determine the permeability, but 
further results of Bimrrz do not confirm this inference. The 
limits just mentioned are raised when sulpho-groups occur in the 
molecule, and they are lowered when alizarine-groups are present. 
The size of the molecule, therefore, is not in itself a measure of 
its diffusibility. Evidently, the phenomenon is governed by 
* physico-chemical properties which run more or less parallel with 
the size of the molecule but depend also on its constitutive proper- 
ties. In dealing with adsorption we also saw that the adsorb- 
ability increases with the size of the molecule but is furthermore 
dependent on its constitution. 
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The various methods of ultrafiltration differ only in the manner 
in which the collodion membrane that is used in filtering acquires 
the proper strength to withstand the pressure necessary for the 
acceleration of the speed of filtration. Wo. Ostwa.p ”° prepares 
wet filter paper in such a way that fine collodion coatings are 
formed in the pores. These so-called spontaneous filters allow a 
rapid filtration under exceedingly small pressures. Zstamonpy 7! 
places the collodion film on a suitable porcelain sieve bottom. 
BECHHOLD,”” using unglazed porcelain as a support, has con- 
structed a number of very convenient devices for the same purpose. 
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CHAPTER X 
FORMATION OF SUSPENSOID SOLS 


50. General Classification.—Up to the present we have paid 
little attention to the formation of suspensoids. SvEDBERG in 
his handbook ‘Herstellung kolloider Lésungen anorganischer 
Stoffe” (cf. ““Formation of Colloids,’ by the same author), has 
indicated a general principle by stating that a system containing 
colloidal particles can, as a rule, be prepared in two different ways: 
by condensing a highly dispersed system, or by dispersing a coarse 
dispersed material. As an example of the first method, we may 
mention the preparation ef a gold sol as described below. 
We start with a solution of gold chloride, in which the gold is 
molecularly, or rather ionically, dispersed. By reduction, the 
gold chloride is transformed into gold, and the gold atoms then 
unite to form smaller or larger gold particles; hence this sol is 
made by the condensation method. 

As an example of the dispersion method, we may imagine some 
coarse material which is ground under water to such a fine state 
of subdivision that colloidal dimensions are attained, while at the 
same time the newly formed system remains stable. 

This general classification of SvEDBERG has been well chosen 
and is very useful, provided we realize that there are a number of 
transitional cases. This consideration, however, cannot prejudice 
us against the system, since in any system we must always dis- 
criminate sharply between different concepts. 

A well-known method for preparing metal sols consists in 
establishing an arc between two metallic wires immersed in water. 
Colloidal dispersion of the metal takes place. It is reasonable to 
consider this a dispersion method because the coarse material of 
the electrode is dispersed into a fine colloidal sol. It should be 
kept in mind, however, that the metal is vaporized in the electric 
are and then undergoes condensation, which means that a con- 
densation method is in reality involved. 

Other transitional cases will be referred to later. 
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51. Condensation Methods.—Before taking up SVEDBERG’s 
systematic classification of condensation methods, we shall first 
of all consider what may happen and then see what actually does 
happen in a condensation method. When the molecularly dis- 
persed material is transformed by a chemical reaction into a 
material capable of forming particles which are insoluble or dif- 
ficultly soluble in water, it is to be assumed that at one particular 
stage the material is present in a molecularly dispersed state. 
For instance, when molecules of AuCl: are being reduced to gold 
atoms, at a certain moment there is present a “supersaturated” 
solution of gold in water. From this supersaturated solution the 
gold particles crystallize, forming the sol. 

The formation of such a new solid phase from a liquid system 
has in late years been a frequent subject of investigation. Tam- 
MANN ! and his pupils, in particular, have studied the crystal- 
lization from the molten state: Their researches have shown that 
this process must be differentiated into two parts, viz., the forma- 
tion of nuclet and the velocity of crystallization. A nucleus, once 
formed, grows at a certain rate, at the expense of the material still 
in molecular dispersion. The first part of the process, however, 
is the union of atoms to form a nucleus. 

The formation of nuclei increases at temperatures below the 
melting point of the substance under investigation. Fig. 82 

gives an idea of the nucleus 
formation in molten betol. 
It is seen that below the 
melting point, 7'o, thenumber 
of nuclei first increases, then 
attains a maximum, and 
finally decreases. The shape 
of the curve suggests im- 
mediately the idea that the 
phenomenon is governed by 
Ts undercooling in degrees probability. It has often 
been assumed that only 
atoms with a velocity higher 
than the average unite to 
form nucle). It is more likely, however, that deviations from the 
uniform distribution give rise to nucleus formation. At any 
location where a large number of atoms are close together in a 


number of nuclei 


Fig. 82. 
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configuration resembling somewhat a crystal lattice, a crystal 
nucleus is produced. 

Experiments by TamMann have, furthermore, proved that 
additional material, either heterogeneous or homogeneous, that 
may be present, furthers the formation of nuclei in some cases 
and hampers it in others. 

Figure 83 shows how the rate of crystallization of a given crystal 
changes with the temperature. At the melting point, To, it is, of 
course, zero; but below 
that point it first in- 
creases rapidly, then 
remains constant over 
a certain range of tem- 
peratures, and at a 
still lower temperature 
falls off rapidly. 

The course of the 
crystallization of a sub- 
stance from its melt 
is, therefore, governed Fic. 83. 

(1) by the number of 
nuclei formed and (2) by the speed with which these nuclei grow. 

Regarding the crystallization from supersaturated solutions, 
we have at our disposal the researches of Marc and his co-workers.” 
The speed of crystallization appears to be largely dependent on the 
degree of supersaturation and on the presence of added substances, 
especially when the latter are adsorbed by the surface of the crystal 
(or by the nucleus). 

It is evident that in the case of suspensoids the problem of 
nucleus formation and rate of crystallization dominates the whole 
process. When only a small number of nuclei are formed and 
these grow rapidly, no colloidal systems can be produced, because 
these few nuclei rapidly become large particles. If, on the other 
hand, a large number of nuclei are formed and their rate of crystal- 
lization is slow, the conditions for the formation of a colloidal 
solution are favorable, provided electrical conditions are likewise 
suitable. or, as we have seen in preceding chapters, the electric 
charge completely governs the stability of suspensoids. 

In the method discussed on page 131, where a solution contain- 
ing nuclei is added to the gold sol in the course of preparation, an 


Speed of crystallization 


To undercooling in ° 
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artificial formation of nuclei is brought about, and the size of the 
particles from this time on is dependent only on the speed of 
crystallization. Such a manipulation can, of course, be applied 
only when the spontaneous formation of nuclei is so small that the 
number of nuclei may be considered as determined entirely by the 
concentration of the added nucleus solution. 


Following SvepBERG@’s classification, we may group the dif- 
ferent condensation methods according to the chemical reactions 
which take part in their formation. We then obtain the following 
classes of methods: 

(a) Reduction methods.—Nearly all sols of metals are prepared 
in this manner. Numerous reducing agents may be employed. 
Using pure hydrogen, we can reduce, for instance, silver oxide 
according to the equation: 


AgeO -b He = 2Ag + H20. 


Silver oxide is brought into contact with water through which 
is passed a stream of hydrogen gas. Insofar as the oxide is dis- 
solved, it is, obviously, reduced, and the silver atoms unite to form 
colloidal particles. The silver oxide is continually dissolved and 
then reduced. It is evident that the sol thus formed is poly- 
disperse (containing particles of different size, as contrasted with 
an 7so-disperse sol having particles of the same size) because the 
reduced silver oxide finds more and more nuclei. Viewed in the 
ultramicroscope, this sol presents a very colorful picture which 
reveals the poly-dispersity very plainly. 

Phosphorus has long been used as a means of preparing gold 
sols: 

AuCl3 + 3H20 + P = Au + P(OH)3 + 3HCI. 


Experience has shown that this method is a slow process for 
making highly dispersed amicroscopic gold sols. These sols are 
used as nucleus solutions for the preparations discussed in Sec. 43. 

Ordinarily, formaldehyde or H2Qz is used, with the addition of 
a little alkali, often in the form of K2CO3. The presence of OH 
ions is obviously required in order to bring about suitable electrical 
conditions. 

Selenious acid can be reduced to colloidal selenium by means of 
either sulphur dioxide or hydrazine: 


SeO2 + 2502 = SE + 2803. 
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(b) Oxidation methods.—Colloidal sulphur is prepared by the 
oxidation of H25 by means of SOz, as expressed in the following 
reaction: 

2HeS + SO2 = 38 + 2H20. 


The sulphur separates in colloidal form. The process is, however, 
more complicated than would appear from the above equation. 
In this so-called WackENRODER liquid, polythionic acids are 
formed simultaneously with the sulphur (cf. p. 237). 

(c) Hydrolysis methods—Numerous metallic oxides are insol- 
uble in water and form colloidal oxides when their salts are hydro- 
lyzed. Sols of the oxides of chromium, iron, aluminium, tin, and 
other metals are prepared by simply dialyzing the salts, dissolved 
in water, against water. When nitrates are used, nitric acid 
passes through the dialyzer and leaves a colloidal solution of the 
oxides behind. 

(d) Other decompositions.—The sols of the oxides just mentioned 
can also be prepared by means of the following double decomposi- 
tion: 

2FeCls + 3(NH4)2CO3 = 6N H4Cl + Fe2(COs)3 


Fe203 + 3CO2 


The formation of sulphide sols likewise belongs to this group; , 
for instance: 
AseO3 + 3HeS = AseS3 + 3He20. 


It is evident, however, that not every reaction is suitable for 
such a preparation of sols, for the reason that we operate here 
with electrolytes which might flocculate the colloidal particles 
eventually formed. Too great a concentration of electrolyte is 
therefore inadmissible, both at the beginning and at the end of 
the reaction. The second reaction just mentioned is, of course, 
eminently satisfactory as far as the final product is concerned, 
H20 being formed. Hydrogen sulphide is only slightly soluble 
in water and is, moreover, removed at the end by passing hydrogen 
gas through the sol. To prevent the possibility of having too 
much As2Oz in the solution at the start, a solution of As2Oz3 is 
allowed to drop into water through which a stream of hydrogen 
sulphide passes. The electrolyte is then added in small quantities 
and rendered harmless by its transition into colloidal material. 
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The preparation of silver halides, discussed on page 102, also 
belongs to this group. It was previously stated that the main- 
tenance of proper electrical conditions is necessary for the formation 
of these sols. The fact that the conditions are not the same for 
different halides is due to individual differences in speed of crystal- 
lization and in nucleus formation, and possibly also to differences 
in the boundary potentials of these halides with respect to the 
liquids used. 

52. Dispersion Methods.—Four different methods may be 
grouped under this heading: 

(a) Mechanical subdivision.—When the substance has been so 
finely ground in a mill that the diameter of the particle is reduced 
to less than 1 yw, the conditions are suitable for sol formation. In 
the past few years, several “colloid mills” have been put on the 
roarket. However, an extremely fine subdivision is not sufficient 
to produce a stable sol. For this reason a peptizer (often wrongly 
called a “disperser” or ‘“dispergator’’) is always introduced into 
these mills. Very often this peptizer is purely a protective colloid. 
(Cf. See. 29 b.) 

In case no mechanical subdivision takes place and yet the 
method of preparation is one of dispersion, the inference is that 
primary particles of colloidal dimensions were originally present. 
The procedure which is followed in peptizing an agglomeration of 
such primary particles is exemplified in the next two methods: 

(b) Washing-out method.—In case too much electrolyte is 
present in the preparation of a colloid by the method of double 
decomposition, a precipitate is often formed, which in its turn can 
be brought back to the state of colloidal solution by washing out 
the excess of electrolyte. This occurs frequently in analytical 
chemistry with those precipitates which, on washing, ‘‘run through 
the filter.’ For instance, when vanadium pentoxide is precipi- 
tated in the reaction: 


2 NH4VO3 + 2HCl = V20s + 2NH4Cl + H20, 


there is obtained a reddish-brown precipitate which can be filtered. 
When water is poured over this precipitate, a clear filtrate con- 
taining NH,Cl runs through at the start. After a while the filtrate 
becomes reddish-brown and a colloidal solution of V2Os5 is obtained. 

(c) Peptization methods.—It often happens that precipitates 
consisting of fine primary particles need only to have their bound- 
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ary potentials raised by means of a peptizing electrolyte in order 
to go into colloidal solution (cf. Ch. VI). When hydrogen sulphide 
is passed into a solution of corrosive sublimate, HgS precipitates. 
If the hydrochloric acid which has been formed is then removed 
by rinsing repeatedly with water, a colloidal black solution of HgS 
can be obtained by peptizing the precipitate with HS. 

Precipitated Fe2O3 can be peptized by the addition of FeCls, 
a method which is easily understood from the discussion on page 
100. 

From the cases mentioned under 6 and c¢, it is evident that we 
are dealing here with a flocculation that is not quite irreversible. 
If-it were absolutely irreversible, neither the washing away of 
the electrolyte that is present nor the addition of a peptizing 
electrolyte could possibly give rise to the formation of a sol; hence, 
only a limited number of cases are adapted to these two methods. 

(d) Electrical disintegration.—Brepic * has prepared colloidal 
systems of gold, silver, and platinum by establishing, in water, a 
direct current arc between electrodes composed of these metals. 
SvepBEeRG * has extended this method by using alternating cur- 
rent, since direct current causes a considerable amount of charring 
when the disintegration takes place in organic liquids. In this 
way, SVEDBERG was able to disperse the lighter metals, which 
readily react with water when in a finely divided state, by employ- 
ing organic liquids (preferably isobutyl alcohol or ether). He 
even obtained colloidal solutions of such metals as potassium and 
sodium. 
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CHAPTER XI 


HISTORICAL OUTLINE OF THE DEVELOPMENT OF THE 
THEORY OF SUSPENSOIDS 


53. Introduction.—The preceding chapters presented a sketch 
of the theory of suspensoids that seems, at the present time, to 
give the best insight into the behavior of these systems. Nobody 
can be blind to the fact that current opinions are far from adequate. 
The more the investigations considered are extended and applied 
to other suspensoid sols, the better one realizes that the picture 
drawn has been highly idealized. An extension of the theory 
presented, possibly a radical improvement, may be expected. 
After all, any theory in the domain of the natural sciences is 
based on the conception of facts that prevails at a certain period, 
only to be succeeded by another which presents a better and 
truer correlation. It is wise, therefore, to consider a theory 
merely as a link in the long chain of consecutive interpretations of 
scientific facts; consequently, this chapter is devoted to a brief 
historical sketch of previous experiences and theories which have 
led to modern conceptions regarding suspensoids. 

54. The Nineteenth Century.—Granam is often regarded as 
the first systematic investigator of colloidal systems, although it 
is undoubtedly more correct to give first mention to FRANCESCO 
Setmi, of Modena, whose publications, written in Italian, have 
recently become accessible in an English translation.! SELMr 
realized, as early as 1845, that a colloidal solution of AgCl differs 
radically from a true solution, and extended this idea in the follow- 
ing years to sols of Prussian blue and sulphur. He was struck by 
the ready precipitation of these substances by various neutral 
salts which, nevertheless, do not react in a chemical sense, and by 
the absence of a heat effect and volume change at the flocculation 
point; hence, colloidal systems were considered by SELMI as 
pseudo-solutions. 
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GRAHAM? deserves special credit for his exhaustive study of 
the physical properties of colloidal solutions, more particularly of 
their diffusibility. The slight diffusion of colloids leads to the 
assumption that the diffusing particles are much larger than 
molecules, which are truly dissolved. This diffusion furnishes a 


characteristic criterion by which to distinguish between true ; 


solutions and colloidal solutions. GraHam was wrong, however, 
in considering the power to form colloidal solutions a specific 
property of certain compounds instead of a general property of 
matter. 

NAGE. ° vigorously advocated the theory of the polymolecular- 
_ ity of colloidal particles, for which he used the term micells. A 
- peculiar position in the development of colloid chemistry and the 


theory of adsorption is that assumed by J. M. van BemMeten,! |// 
who studied a number of agricultural problems, especially the |/ 


interaction of precipitated colloids with water and salt solutions. 
This experience enabled him to collect a wealth of most valuable 
data (see Chapter XVI) and to prepare the way for the modern | 


theory of adsorption. Theoretically, he arrived at a negative, | 


though highly important conclusion, viz., that the union of water | 
and other substances with colloids is not stoichiometric. | 
Around 1880, the first systematic investigations concerning | 


flocculation were published. The flocculation of AseSs3 and Sb283 
by countless electrolytes was studied first by Scuunze,° and later, 
in much greater detail by Lryper and Picron.® The predominat- 
ing réle of the ion carrying a charge of opposite sign, and of the 
valence of that ion, was clearly brought to the fore, particularly by 
the last-mentioned workers, who introduced cataphoresis as a new 
method of attack.7 

The problems arising in connection with the mechanism of 
flocculation brought forth a great variety of interpretations in the 
second half of the nineteenth century. As early as 1851, 
ScuEERER ® expressed the opinion that salts decreased the vis- 
cosity of the medium, and THoutnr ® thought that the particles 
became heavier by accumulating the salt in their surface. Both 


workers assumed, therefore, that flocculation was simply an | 


accelerated sedimentation. But the results of ScuuLzE and those 


of LinpEr and Picton, together with the work of Barus and | 


ScuneipER,!° clearly demonstrated, in the light of the ionic theory 
evolved by ARRHENIUS, that certain properties of electrolytes 


I 
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(more particularly the valence) play an important part in the 

' flocculation. 

W. B. Harpy !! however, yas the first to recognize the rela- 
tion between charge and stability (cf. p. 66). Even at present, 

| there is no agreement as to the cause of this relationship. Starx |” 

put forth the theory that the non-sedimentation of colloidal solu- 

tions was caused by air bubbles adhering to the particles, the 


adhesion being destroyed by added electrolytes. This theory | 
was proved to be untenable by the work of Brepig and Consn.!? | 


The former of these two investigators 14 sought to establish a 
close connection between what takes place in a capillary electro- 
meter and the coagulation of a colloid. As pointed out on page 51, 
this instrument shows that the surface tension is high in the absence 
of an electric charge and decreases when a charge is introduced. 
The fundamental problem of colloid chemistry is just this (cf. 
p. 11): Why is the surface tension unable to unite the particles? 
Brepia interpreted Harpy’s conclusions by assuming that the 
surface tension of the charged particles is small and consequently 
leaves them in a relatively stable condition. The electrolytes, 
according to Brepic, remove the charge, thereby increasing the 
boundary tension and thus bringing about coalescence of the 
particles, followed by flocculation. This concept was undoubtedly 
a step forward, although it was found later (Exiis !°) that, even 
in the case of liquid particles (oil emulsions), the cause of the 
coagulation does not lie in increased surface tension. The fact 
remains, nevertheless, that Brepiag was the first to look for a 
' rational physico-chemical explanation. 

At the same time a search was made for a quantitative expres- 


sion for the coagulating power of electrolytes. Wuetuam 16 | 


reasoned as follows: If discharge requires the presence of ions of 
opposite charge in the vicinity of the particle, there must, be 
present simultaneously 2 trivalent, 3 divalent, or 6 monovalent 
ions. Since the probabilities for simultaneous presence are propor- 
tional to the corresponding powers of the concentrations, WHETHAM 
arrived at the following formula for the flocculating concentra- 
tions of monovalent, divalent and trivalent ions, ¢1, cg and cs: 


Lali 


For x = 32, these ratios are as 1 : 32 : 1024, a result which 
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corresponds to the data obtained by ScuuuzE and by LinpER and 
Picron for the AsS3 sol. 

In those years, around the turn of the century, scientists were 
fairly well convinced that colloidal solutions were micro-hetero- 
geneous systems consisting of suspended polymolecular particles. 
Farapay !” had already proclaimed that gold sols contain gold 
particles, and yet ScHULZE was not convinced of the inhomogeneity 
of his sols. On the basis of experiments performed by Sprine 38 
and Lospry DE Bruyn !® around the year 1900, the TynpALL 
effect seemed to furnish a rather doubtful indication in that direc-| 
tion. The proof of the heterogeneity supplied by the ultra-|/ 
microscope put colloid chemistry on a solid foundation which had/ 
hitherto been absent. 

_ 55. The First Decade of the Twentieth Century.—The relation 
between charge and stability formulated by Harpy formed the 
basis for the dynamics of colloids, and the heterogeneity definitely 
demonstrated by the ultramicroscope firmly established their 
statics. ; 

Burton 2° removed all doubt 2! concerning the correctness of | 
Harpy’s principle. FRrunpiicH ** confirmed the real significance | 
of the valence and commenced his studies on adsorption 2? in | 
order to understand the mechanism of flocculation. A critical 
study of the available literature on adsorption had just then been 
compiled by Wi. Ostwaup,”4 and FREUNDLICH was thus able to 
show the close connection between adsorption phenomena and col- 
loid stability. A few years earlier, PerRIN ?° published the first 
comprehensive study of electro-endosmosis, in which he pointed 
out its eminent significance for colloid chemistry. In 1910 
FREUNDLICH 7° made an attempt to explain the discharge on the 
basis of electrolyte adsorption (see the discussion of Fig. 34 on p. 
69) which enabled him to account for the exceptions to the val- 
ence rules of ScHuLzE, Harpy, WHETHAM, and others. 

The numerous investigations on colloid-chemical subjects 
published in the years 1900-1910 advanced the theoretical specula- 
tions to such an extent that comprehensive texts began to appear. 
As early as 1905, Zstcmonpy wrote “‘ Zur-Erkenntniss der Kolloide” | 
(translated by ALmXANDER under the title, “Colloids and the 
Ultramicroscope,” New York, 1909), in which his pioneer re- 
searches with the new instrument, mainly on colloidal gold,?’ are | 
described. 
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Some years later, in 1909, two more comprehensive works 
appeared, viz.: Wo. Ostwaup’s ‘‘Grundriss der Kollotdchemie,” 
of which unfortunately no complete second edition exists (only 
part of it was published in 1911); and Hersert FREUNDLICH’s 
“ Kapillarchemie.”’ The aim of the latter text is to place colloid 
chemistry on the basis of capillarity-physics. This book may be 
considered the standard volume on physico-chemical colloid 
chemistry (a second edition appeared in 1922; the third edition 
of 1924 differs from the previous one only by the inclusion of a 
few additions; an English translation by Harrretp under the 
title ‘‘Colloid and Capillary Chemistry”? was published in 1926). 

In 1912 the first edition of Zstamonpy’s “ Kolloidchemie” 
(English translation by Sprar, “The Chemistry of Colloids,” 
New York, 1917) was published. This was rather systematic in 
character, while the later editions have tended more and more in 
the direction of a general theoretical orientation. 

During the present decade, the statics of colloids has made 
great progress. The investigations of THe SvEpBERG and those 
of PrRRIN, mentioned in detail in Chapter IX, have paved the 
way for the recognition of a far-reaching morphological similarity 
between colloidal and true solutions and have emphasized the 
significance of the idea of degree of dispersion for a clear under- 
standing of various systems. 

56. Latest Developments.—In the preceding chapters the most 
recent research work and the latest theories, were, for obvious 
reasons, particularly emphasized. The general conclusion is that 
modern colloid chemistry is developing along the line of the 
electrical interpretation. Some investigators, including Jorpis 78 
and Ductaux 79 have, however, devoted more attention to other 
phenomena, with the hope of making a connection between col- 
loidal and true solutions. But the work of Exissarorr, Kruyt, 
Powis and Enis, and numerous investigations made in the labor- 
atories of FREUNDLICH, DoNnNAN, BaNcrorr and Kruyt, and 
quite recently also those performed in the laboratories of British 
India (among which that of Muxumrsex stands out prominently) 
have clearly brought out the great importance of the electric charge. 
The nature of the electric double layer becomes more'and more the 
central problem of physico-chemical colloid chemistry; and 
Gouy’s extension of HrtmHo.tz’s classical theory gains continu- 
ally in importance. It seems therefore, at times, as if the adsorp- 
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tion theory so strongly advocated by Frrunpuicn is losing a good 
deal of its importance. The connection between ionic adsorption 
and charge is, nevertheless, unmistakable, although we do not yet 
grasp its real meaning. ‘This fact was pointed out very distinctly 
by von SMoLUcHOWSKI in the valuable article which he contributed 
to GraEtz’s “Handbuch der Electrizitét und Magnetismus’’; °° 
and the latest discussions (see, for instance, an article by Srrrn °1) 
concede the necessity of introducing an adsorption potential. It 
cannot be denied that the idea of ‘‘ionic adsorption” is used rather 
flippantly in recent colloid-chemical literature, and it remains for 
future research to explain satisfactorily the whole mechanism of 
the genesis and the destruction of the double layer. 

A considerable number of comprehensive texts have been 
published recently. In addition to those mentioned before, 
attention is called to the following books: W. D. BANcrort’s 
“Applied Colloid Chemistry; General Theory,’’ Second Edition, 
New York, 1926; Paut Bary’s ‘Les Colloides,”’ Paris, 1921; 
E. F. Burton’s “The Physical Properties of Colloidal Solutions,” 
Second Edition, London, 1921; THr SvepBERGa’s ‘‘ Colloid Chemis- 
try,” New York, 1924; and the extensive compilations of R. H. 
Boaur, “The Theory and Application of Colloidal Behavior,” 
New York, 1924, and of JERomE ALEXANDER, “Colloid Chemistry, 
Theoretical and Applied,’”’? New York, 1926. 
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Emulsoids 


CHAPTER XII 
GENERAL PROPERTIES OF EMULSOIDS 


57. Introduction.—The characteristic differences between sus- 
pensoids and emulsoids were discussed on page 10. As stated 
there, the essential difference evidently lies in the fact that emul- 
soids exhibit a close relationship between the dispersed particle 
and the dispersion medium, while suspensoids lack this property. 
The physical characteristics of suspensoids deviate but little from 
those of water, while emulsoids form liquids with properties that 
differ considerably from those of water. 

This contrast, however, does not hold for all physical properties; | 
density and light refraction are additive properties for all sols; 
i.e., these quantities change in proportion to the concentration of | 
the colloidal constituent.! Regarding the surface tension, the 
available data are not sufficiently accurate to warrant a conclusion. 
The statement is often made that emulsoids lower the surface 
tension appreciably, while the surface tension of suspensoids is 
practically identical with that of the dispersion medium. Insofar 
as emulsoids are concerned, this assertion is due to a misconcep- 
tion. It is said, for instance, that gelatin lowers the surface ten- 
sion of water considerably, whereas, as a matter of fact, the best 
grades of gelatin, which contain few decomposition products, 
have no appreciable effect. The depression of the surface tension 
is frequently caused by impurities in true solution. The effect of 
soaps on surface tension will be considered in Chapter XVII. 

There is one property, however, in which emulsoids differ | 
characteristically from the water which acts as their dispersion 
medium. ‘This property is viscosity. One would expect, a priori, | 
that this quantity would change additively with the amount of | 
dispersed substance, in accordance with Erysrern’s formula ? for — 
the relation between the viscosity of a disperse system, 7, that of 
the dispersion medium, 7, and the volume of the dispersed 
particles, ¢: 

sta no(1 + zo). 
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It should be noted that this increase in viscosity depends on 
the total volume of the particles, irrespective of the degree of dis- 
persion. 

The equation holds, however, only under certain conditions: 
the particles should be spherical, elastic, and large in comparison 
with the molecules of the dispersion medium. If these require- 
ments are met, the results obtained agree well with the formula. 

BANCELIN ? has tested the equation with a mastic sol and has 
been able to verify it, except for a small deviation in the value of 
the constant. 

The formula of Er1nstern may be written in the form: 


in which the quotient expresses the relative viscosity of the sol; 
oO 


i.e., the value of the viscosity if the dispersion medium is selected 
as the standard of reference for which the viscosity is unity. 
fs 


Ns No . : * ° : : 
Hence, — ->~ lor is the increase in the relative viscosity 


0 No 
due to the dispersed substance; this quantity is, therefore, pro- 
portional to the dispersed volume. 

In applying this reasoning to emulsoids, we meet with a peculiar 
contradiction. For instance, if a polysaccharide like agar-agar is 
_ dissolved in water, sols of extremely high viscosity are obtained. 
| A sol containing # per cent agar-agar should have a relative vis- 
cosity, according to EinsTrin’s formula, of: 


1+5x 2X 0.01 = 1.007, 


if we assume the specific volume of agar-agar to be equal to unity. 
The experimental value for the relative viscosity is, however, in 
the neighborhood of 2.400.* 

Since ¢ is the only variable that determines the phenomenon, 
the total volume has not been properly accounted for in our cal- 
culation. The volume of the dispersed particles is obviously much 
greater than that of the dry substance used in the computation. 
Hence, there must be a reason why the particles in the sol are too 
large in comparison with the volume of the dry agar-agar. It is 
difficult to explain this fact in any other way than by assuming 
that the agar-agar particles have taken on a large amount of 


See. 58. VISCOSITY 169 


water, thereby greatly increasing their volume. According to 
our previous calculation, these particles should have a volume 200 
times that of the particles of the dry substance. The quantitative 
correctness of this figure is subject to certain reservations. In the 
first place, as we shall see presently, the formula of ErnsTrrn needs 
a certain correction, and, secondly, it is not strictly applicable to 
systems having a viscosity which differs considerably from that of 
the dispersion medium. Special investigations have shown that 
even in dilute sols there is a considerable discrepancy between 
calculated and observed viscosity; hence, the particles in the 
agar-agar sol must take up a considerable amount of water. 

At first sight, some may be opposed to the idea of ascribing 
to a sol particle such an unusually great power of absorbing water. 
It should be realized, however, that a sol containing as little as + 
per cent agar-agar sets into a jelly at room temperature, which 
means that agar-agar removes the liquidity from an amount of 
water equal to 700 times its own volume. We are so familiar with 
these phenomena of gelatinization that we almost take them for 
granted, and we are not impressed until we meet cases, similar to 
that just mentioned, where a particle is supposed to imbibe 
approximately 200 times its own volume. 

We do not know in what particular manner the particles take 
up the water. It is possible either that they swell like sponges or 
that they surround themselves with a layer of water. Against 
the latter assumption it may be argued that in this case the particles 
would exert their action over a distance far in excess of their radius, 
since the added film of water would undoubtedly be more than 
one molecule thick. In the following pages we shall, nevertheless, 
speak of a water layer, because this idea permits, in several 
respects, the simplest method of representation. 

58. Viscosity.—As stated in the previous section, the viscosity 
of sols leads us to believe that they contain strongly hydrated 
particles. In a discussion of this property, the first question that 
arises is whether, generally speaking, we can consider the viscosity 
of a sol in the sense of PoIsEUILLE’Ss law. 

A great deal of controversy has centered around this problem. 
In the first place, there is no agreement as to how the viscosity of 
a sol really should be measured. We can, of course, use the well- 
known OstwatLp viscometer (Fig. 84), which is quite satisfactory 
for relative measurements, provided its construction is such that 
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certain systematic errors are eliminated. Some investigators 
seem to think that this is not possible, and for that reason use 
viscometers which operate on other principles. Among these are 
the viscometer of CourrrsE,® which measures the friction of a 
cylinder rotating in a liquid, and the viscometer of Huss,’ in which 
the liquid under investigation and a standard 
liquid are separately forced through a capillary 
tube by means of air pressure. 

Whatever instruments .have been used, the 
conclusion reached by various investigators is that 
emulsoids, as a rule, do not follow the law of 
PoIsEUILLE; i.e., different viscosities are found, 
depending on the rate of capillary flow. This 
behavior is explained by saying that the sols not 
only have a liquid viscosity but possess also a 
certain elasticity such as we find in solids. 

It seems to the author that these objections are, 
for the greater part, unfounded.® If we investigate 
sols in properly constructed viscometers, carefully 
accounting for the changes which the sol under- 


phenomena, and, furthermore, if we take care to 

exclude sols that gelatinize, the results obtained 

are in complete accord with the law of 

PoIsEUILLE. Moreover, there is a complete ab- 
Fie. 84. sence of elastic phenomena. Only when we are 

dealing with particles that deviate sharply from the 
spherical shape, as for instance, those of the V20s sol (cf. p. 133), 
benzopurpurin, and possibly partially gelatinized sols, do the 
results fail to conform to the formula of PoIsmuILLE. 

In applying Ernstern’s expression to sols of different con- 
centration, one might expect to find a simple linear relation between 
the relative viscosity and the concentration of the sol. Investiga- 
tions on different sols confirm the formula approximately. The 
small deviation from the rectilinear behavior might be explained 
by assuming that the hydration of the particles is a function of the 
concentration. In the next section (59) we shall meet with a 
second phenomenon, the electro-viscous effect, which may be a 
function of the concentration and hence may cause the discrepancy. 
Apart from these small deviations in the values for the relative 


goes as a result of irreversible and hysteresis | 
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viscosity, appearing in the third decimal only, it may be said that 
Ernstern’s formula reproduces the observations with sufficient 
accuracy for sols of agar-agar,® gum arabic,” starch,!! ete. 


59. Electro-viscous Effect——When the viscosity of a sol is 
studied in relation to the concentration of an added electrolyte, 
for instance, that of barium chlo- 
ride,!° the results obtained lead, 147 
for a sol of agar-agar, to the 
following graphical representation 
(Fig. 85). On the addition of the 
first milli-equivalents a decided 
drop in the viscosity is observed, 
while on further addition of the 
electrolyte the viscosity remains 
practically unchanged. The pro- 
nounced effect of very small Fia. 85. 
amounts is strikingly reminiscent 
of the behavior of capillary electrical processes previously dis- 
cussed (Chapter III), The agar-agar sol is negatively charged; 
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hence, we are dealing, presumably, with the effect of an ion of 
opposite charge, i.e., the Ba ion. By carrying out similar experi- 
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ments with electrolytes having cations of a different valence, we 
actually find that the lowering of the relative viscosity is greater 
the higher the valence of the cation. Fig. 86 shows the changes in 
viscosity for a starch sol on the addition of various ions. The 
salts used are indicated for each type of curve.t! By luteo is 
meant the luteo cobalt chloride with its trivalent cation. The 


curve marked Hexol will be referred to later. 
In Fig. 87 the same phenomenon is illustrated for the agar-agar 
sol. Here too,!° the effect of the valence of the cation is quite 
noticeable, while that 


100¢ s-M% of the anion is very 
No 


small. The  experi- 
mentally determined 
curves for the monova- 
lent cations fall within 
the upper black band; 


aan Pak those for the divalent 
K,SO, K,Fe(CN), cations, within the sec- 
Bal See ond band; and so on. 
mcgcvedethy’ paeaitelet b 


The similarity of 
these results to those 
obtained in capillary 
Pt(Acin), (NO), electrical phenomena 

2 immediately suggests 
the possibility of a 
ma, Ae, relation between the 
electrical charge of the 
Fig. 87. particles and its effect 
on the viscosity of a 
sol. In 1916, von SmMoLucHowsKI showed that the expression 
of Ernsrein holds in reality only for uncharged particles.!? In 
case the particles are electrically charged, they are surrounded 
by a repelling sphere (cf. p. 109) whereby their active volume 
is virtually increased. This apparent increase in the active 
volume might be called the ‘‘quasi-voluminous”’ effect. Hence- 
forth, we shall speak of the electro-viscous effect, by which we 
mean the increase in relative viscosity as a result of the electric 
charge of the particles. A relation between viscosity and electric 
charge had previously been mentioned by Harpy and by Wo. 
Ostwatp.!3 


2 7. 
MgSO, Caso, 


2 2 
La(NO;)3 Co(NH,),Cl, 
Peet Core 
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Von SmotucHowskI deduced the following modification of 
EINSTEIN’S expression: 


oe sn oD 1 /¢D\2 
Le hee Ca emma 25) 


5 kyr? \Qar 


where «x is the specific conductance, r the radius of the particle, D 
the dielectric constant, and ¢ the electro-kinetic potential of the 
electric double layer, referred to previously. 

In complete accord with the results just mentioned, it has been 
found in experiments on the sol of starch that polyvalent ions can 
actually reduce the charge to zero or else reverse it. 

In Fig. 86 the curve marked Hexol indicates the change in the 
viscosity of the sol caused by additions of a hexol salt 


[ Co{ (OH)2Co enz}3 | (NOs)o 


where eng represents ethylene diamine. It will be seen that this 
hexavalent cation produces, first, a lowering and then, by a reversal 
of the charge, a rise in the viscosity (cf. p. 85). The boundary 
potential ¢ appears squared in equation (2); hence its sign is 
without effect on the electro-viscous effect. 

60. Cataphoretic Phenomena.—The fact that we can in- 
vestigate electrical phenomena by means of viscosity experi- 
ments simplifies the study of emulsoids considerably. Direct 
observation of cataphoresis in emulsoids is made difficult by the 
fact that these sols are colorless. The use of BurTon’s apparatus 
(cf. p. 60) is therefore excluded. A makeshift arrangement 
would be to observe at right angles the path of a ray of light pass- 
ing through the cataphoretic tube. The supernatant water 
gives no TYNDALL effect, while the emulsoid sol does. Thus, the 
migration of the boundary under the influence of the electric 
current becomes visible.2 Sveppere !* used another expedient, 
that of illuminating the apparatus with ultraviolet light and study- 
ing the fluorescence of the emulsoid sol photographically. In 
dealing with proteins, one may follow the movement of the albumin 
by allowing the cataphoresis to take place in separate vessels or 
else in an apparatus with different compartments separated by 
stopcocks (Fig. 88). Albumin migrates from C into A or B, which 
were filled originally with water. From a KseLpant determination 
of the contents of A or B we can get an idea of the amount of 
emulsoid transported by the current. 
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In applying this last-named method to the calculation of the 
potential of the double layer, from the measurements of the amount 
transported, we meet, however, with a serious difficulty. On 
page 81 appeared the formula: 


C= sh; ee MPS coer Fone.) 


whereby it was assumed that the potential gradient throughout 
the cataphoretic space changes gradually. This condition is not 
fulfilled, however, when constrictions 
due to stopcocks or siphons occur, 
and the resulting error affects the 
computation. 

Unlike suspensoids, proteins have 
an electric sign which depends strongly 
on the medium. A suspensoid sol 
has an electric sign which is positive 
or negative according to the nature of 
the material forming the particle. 
Only for substances like tin oxide 
does the charge depend on the pep- 
tizer. In general, however, only 
strongly capillary-active ions, such 
as polyvalent ions and those that 
are strongly adsorbed, can bring 

Fic. 88. about a reversal of charge (see 
p. 85). 

For albuminous sols, however, matters are entirely different. 
These sols are either positive or negative, according to the hydrogen 
ion concentration of the medium. Very slight changes in the 
hydrogen-ion concentration may produce a complete reversal of 
the electric sign. (For further particulars, see Chapter XIV.) 

The measurement of the electro-viscous effect has been com- 
pared in many cases with direct measurements of cataphoresis, and 
has led to satisfactory, at least semi-quantitative agreement.®: % 1° 
Consequently, we shall, henceforth, often draw conclusions regard- 
ing the electric charge of the particles from the results of experi- 
ments dealing with electro-viscous effect. Furthermore, a compari- 
son of electro-viscous effect and cataphoretic velocity has produced 
results which permit an estimate of the size of emulsoid particles. 
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61. Size of Emulsoid Particles——It is possible to draw con- 
clusions regarding the size of emulsoid particles from determina- 
tions of electro-viscous effect and cataphoresis.1° For instance, if 
the viscosity of a sol is determined at two concentrations of an 
added electrolyte, each of the two values obtained must satisfy 
the above-mentioned equation (2). By determining the cata- 
phoretic velocity, wu, of the sol at the same electrolyte concentra- 
tions, we can calculate the boundary potential from these measure- 
ments each time by means of formula (3). 

Substituting these values of ¢ in the first two equations (2), 
we get two expressions in which all quantities are known except ¢ 
andr. By eliminating ¢, the value of r can be computed. Experi- 
ments on the sol of starch have indicated that the diameter of the 
particles is in the neighborhood of 14 mu. 

In this manner we can obtain the size of the particles, including 
the surrounding film of water. It is possible, however, to find 
out from the viscosity determinations which part of the active 
volume must be ascribed to the dry substance, the remainder being 
due to the water film. From this we can compute the part of the 
emulsoid which is taken up by the dry substance, the difference 
between unity and this value being accounted for by the water. 
In the case of starch, the amount of dry substance corresponds to 
a particle having a diameter of 6 mu. 

In the above calculation it was assumed, however, that ¢ 
varies on the addition of an electrolyte, but that ¢ and r do not. 
Unfortunately, we cannot, a priori, predict that this will be so. 
The result depends on the relation which exists between hydration 
and electric potential at the boundary of the particle. From the 
fact that varying concentrations of electrolyte give the same results 
for 7, it seems that for substances like agar-agar and starch such 
a connection does not exist; for gelatin and proteins, on the other 
hand, it must exist. 

These investigations indicate that the size of the particles of 
an emulsoid sol, such as starch, is of the normal order of magnitude 
of colloidal particles. This size far exceeds molecular dimensions; 
hence, it is highly improbable that we are dealing with a simple 
dispersion of large molecules. R6dntgenographic investigations 
have developed a suitable method for arriving at the size of the 
corresponding molecules. 

On page 124 reference was made to the method of DeByg and 
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ScHERRER for the determination of the crystal properties of sus- 
pensoid particles. Emulsoid particles do not give, generally 
speaking, X-ray patterns with well-defined interference rings. 
Various threads occurring in nature give, however, distinct photo- 
grams. Jamie and cotton threads in particular have been stucied 
by Hmrzoc and JANKzE.!° These fibers appear to consist of oriented 
particles with unmistakable crystal properties. From the X-ray 
pattern, the space lattice of the crystals and the size of the element- 
ary cube can be determined. Assuming that in such an elementary 
cube only one molecule occurs (probably there are more, so that 
the molecular size is only a fraction of the figure mentioned here), 
we find by computation that the molecule of cellulose has a volume 
not exceeding 0.68 my’. The starch molecule is surely not larger 
than that of cellulose; consequently, we arrive at the conclusion 
that a particle in the emulsoid sol consists of several thousand 
molecules. 

In recent times, chemical arguments have been advanced 
which seem to indicate that the cellulose molecule is not exceed- 
ingly large. It has been erroneously assumed in organic chemistry 
that n, in the formula (CéHi00s)n, is large; in reality, this quantity 
is completely unknown since we lack the means of determining the 
molecular size of a non-volatile and insoluble (i.e., non-molecularly 
dispersible) substance. From the researches of BERGMANN 17 
and those of PrinasuEmm,!® one gains the impression that there is a 
possibility of obtaining cellulose temporarily—although only 
under unstable conditions—as a monomolecularly dispersed 
substance, in which case n = 1 according to the ebullioscopic 
method. These chemical investigations are thus a confirmation 
of the concept developed here, viz., that sols are polymolecularly 
dispersed particles. Other experiments of BERGMANN !° prove that 
the development of the organic chemistry of proteins is proceed- 
ing in the same direction. 
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CHAPTER XIII 
STABILITY OF EMULSOIDS 


62. General Characteristics—Whereas the proteins have long 
been known to be the most typical emulsoids, nevertheless, these 
sols are discussed in numerous articles and texts as if they were 
solutions of electrolytes with large molecular weight.! In the 
previous section we saw that the particle size of emulsoids is 
incomparably greater than that of the largest known molecules 
and that, on the other hand, there is no reason to assume that the 
molecules of various substances entering into emulsoid solution 
are particularly large. It is obvious that a colloidal particle can 
be built up from small molecules: a gold sol consists of gold 
particles formed from atomic gold; the AseS3 molecule is small, 
although the arsenic trisulphide exists in the state of colloidal sub- 
division in water. 

There is, however, a special reason which has led many 
investigators to look upon emulsoids as molecularly dispersed 
systems, more particularly, as electrolyte solutions; this is the 
fact that a great many properties of protein solutions may be 
explained by considering these solutions as systems of amphoteric 
electrolytes. This train of thought will be fully considered in the 
next chapter and shown to be incorrect. It may be pointed out 
at this place that a discussion of emulsoids in terms of ionically 
dispersed systems must necessarily conflict with typically colloidal 
properties of these systems. We do not know any electrolyte 
solutions that scatter the light in a corresponding manner (TyN- 
DALL effect), show no lowering of the freezing point or rise of the 
boiling point, and produce, for such minute concentrations, such 
exceedingly viscous solutions. The fact that protein solutions 
do not pass through dialysis membranes might possibly be 
explained on the basis of a large number of atoms in. the molecule 
(cf. p. 149), but the other properties mentioned here cannot be 
connected with large chemical molecular weight without leaving 
the domain of general chemical experience. 

178 
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The main criticism that can be raised against the concept of 
the electrolyte nature of protein solutions lies in the fact that the 
division of colloids into suspensoids and emulsoids would thus be 
without continuity. In other words, we should have to ascribe 
to colloid chemistry a dualistic line of reasoning which is highly 
unsatisfactory. Whereas, for instance, the electrical properties 
of suspensoids are to be explained by means of the electro-adsorp- 
tive phenomena of the peptizing ions which divide themselves 
between the particles and the medium in accordance with the 
adsorption isotherm, we should have to consider for protein solu- 
tions an ionic equilibrium of one single kind of molecules dis- 
sociated into ions, the degree of dissociation being governed by 
Ostwavp’s dilution law. 

This dualistic theory of colloid chemistry has found consider- 
able support, as stated before, in the specific properties of protein 
solutions. Fora clear understanding of the condition of emulsoids, 
it will be wise not to start with the study of proteins, which always 
opens up the possibility of an electrolytic point of view, but to 
investigate the corresponding properties of higher carbohydrates, 
thereby precluding an electrolytic explanation. 

In the previous chapter we saw that researches on the electro- 
viscous effect have brought out clearly that typical emulsoid sols, 
such as those of agar-agar and starch, possess an electric charge 
which is in no way different from that of suspensoids. Hence it is 
irrational to place the electro-chemistry of suspensoids on any other 
basis than that of emulsoids. Although some investigators have 
made an attempt to transform the electro-chemistry of suspensoids 
by considering, for instance, an Fe2O3 particle as a complex ion, 
it may be said that this idea is unsound and leads to unsatisfactory 
conclusions. One unavoidable inference of that train of thought 
is obvious: that flocculation of colloids (including suspensoids!) 
must be considered as a transgression of the solubility product. 
This line of reasoning, however, destroys all continuity between 
capillary electrical phenomena and flocculation, whereas, as a 
matter of fact, the close relation between these two properties 
has led to a satisfactory explanation of the flocculation of sus- 
pensoids (cf. Chapters IV and V). In fact, nobody has ever 
faced the consequences of bringing these phenomena within the 
domain of the theory of the solubility product. 

Our experiences concerning the electro-viscous effect compel us 
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to discuss emulsoids on a par with suspensoids. As we shall see 
in the next section, this can be done without any difficulty. 

63. The Two Stability Factors—An important difference 
between suspensoids and emulsoids lies, as we have seen, in the 
fact that the latter, when deprived of their electric charge, do not 
flocculate. This is exactly the point which has led to a separation 
of the statics of emulsoids from that of suspensoids. 

In order to explain this difference, we must look elsewhere for 
a suitable hypothesis which can be tested experimentally. Evi- 
dently, emulsoids have a second stability factor which prevents the 
flocculation of the uncharged particles. Remembering that the 
condition of non-flocculation signifies a probability of adhesion not 
largely deviating from zero (p. 109), we realize that this second 
factor, which keeps the colliding particles from permanently unit- 
ing, must be of a different nature. Since, as shown on page 169, 
the characteristic difference between suspensoids and emulsoids 
is due to the hydration of the particles, we immediately assume 
that it is the film of water which furnishes a second protective 
factor.. In other words, emulsoid particles may be protected 
against flocculation both by their electric charge and by their 
hydration. When we have at our disposal a means of eliminating 
hydration, we can readily verify this assumption. 

Alcohol is well known to be a strongly dehydrating agent, 
presumably on account of the formation of hydrates in solution up 
to a considerable concentration. The pronounced maximum in 
the viscosity curve for solutions of alcohol and water clearly points 
in this direction. This hydration of alcohol, therefore, is a phe- 
nomenon which is governed by the law of mass action, since the 
latter determines the equilibrium between the alcohol hydrate(s) 
and the decomposition products. 

On adding alcohol to an emulsoid sol, for instance, that of 
agar-agar,? we find that the addition of a few per cent has little 
effect. However, on approaching the concentration at which 
hydration predominates, j.e., where water is strongly bound by 
alcohol and thus removed from the particles of agar-agar, we 
notice a very remarkable phenomenon. The sol changes its 
properties very strikingly in two directions: viz., the viscosity 
decreases quite rapidly, and the optical properties become those 
of a suspensoid. In other words, the sol acquires the bluish tinge 
(TyNDALL light) of a mastic sol. In the ultramicroscope the 
indistinct TyNDALL cone of the original sol changes to a well- 
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: 6 . é | 
differentiated picture, such as the one we know for suspensoids. || 


In short, the emulsoid sol has been transformed by the alcohol|| | 


into a suspensoid sol as a result of the dehydration of the agar-| 
agar particles. 

This fact, remarkable in itself, is supplemented by another 
which completes the argument. By dehydrating the sol we have 
removed the second stability factor but left the first: viz., the 
electric charge, intact. The small amount of electrolyte required | 
for the removal of the capillary electric effect will be sufficient to 
flocculate the sol. As a matter of fact, the agar-agar sol dehy- | 
drated by alcohol is just as sensitive to electrolytes as any of the | 
suspensoid sols discussed in Part II of this book. 

In the following table are reproduced some of the flocculaton 
values obtained with such a dehydrated sol. The characteristic 
discharging properties, in connection with the valence of the 
oppositely charged ion, will be immediately recognized. 


TABLE XXIV 
OnE VoLuME or AGAR-AGAR SOL+5 VoLUMES OF ALCOHOL 
Flocculation value 
Electrolyte in millimoles 
per liter 
KCl 1°25 
BaCl, 0.05 
[Co(NHs)]Cls 0.03 


We have already seen that the addition of minute quantities 
of an electrolyte to a starch or an agar-agar sol removes the charge 
but not the stability. On adding alcohol to such a discharged 
sol, one observes an immediate flocculation. This proves, there- 
fore, that we are dealing, in every case, with two stability factors 
but that it is immaterial in which order they are removed. _The 
“removal of one can be accomplished without. evident. effect, but 
the removal of both inevitably causes flocculation. 

It was stated on page 66 that the flocculation of suspensoids 
does not require a complete removal of the charge. A lowering of 
the potential to its critical value is sufficient to cause precipitation. 
A similar statement can be made with regard to hydration. Since 
these two factors both determine the. probability of adhesion, and 
since, for flocculation, the probability of adhesion must be raised 
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to a definite value in the neighborhood of unity, they can be lowered 
simultaneously and thus bring about flocculation. In other 
words, in the same sense that we speak of a critical potential (in the 
absence of hydration) we might consider a critical hydration (in 
the absence of charge). Between these two values will be found 
a series of conditions for which flocculation becomes possible by a 
simultaneous lowering of charge and hydration, both to values 
above their critical limiting values. 

This explains why we find widely differing ‘‘aleohol numbers”’ 
for variously charged emulsoids. The alcohol number may be 
defined as the number of cubic centimeters of alcohol which must 
be added to 5 cc. of sol in order to secure flocculation. This 
number is obviously the larger the higher the charge of the sol. 
This point will be referred to later (see p. 197). 

A suitable plan for forming an idea of the dehydration of the 
particles by means of alcohol is to study the relative viscosity of 
the sol on the addition of increasing quantities of alcohol. A 
decrease in the relative viscosity means a lowering of ¢, and hence 
a shrinkage of the film of water surrounding the particles. Special 
emphasis should be placed on the expression relative viscosity, since 
the viscosity of water alone is considerably changed by alcohol. 
Fig. 89, therefore, gives the change for both systems: water + 
alcohol and agar-agar sol + alcohol. By dividing the correspond- 
ing viscosities we obtain the changes in relative viscosity, viz., 
ion as represented by the curve shown in Fig. 90. 


7 disperse medium 
We notice that the dehydration becomes very marked for a weight 
concentration of about 45 per cent alcohol.* 

Acetone is likewise a suitable dehydrating agent and gives 
similar results. Other dehydrating substances, such as sulphuric 
acid or glacial acetic acid, may be employed; but since these 


_ compounds are electrolytes, they affect both hydration and charge. 
| The effect of this combined action will be discussed in Sec. 64. 


64. Salting Out—We have previously (p. 10) seen that 
emulsoids can be precipitated by means of electrolytes but that 
much greater quantities are required than in the case of sus- 
pensoids. This phenomenon is called “salting out,”? an expression 
which indicates that the reaction taking place is quite different 
from flocculation. 

There are certain salts which are, in general, suitable for salting 
out emulsoids, viz., (NH4)eSO4, MgSOs, and NagSO,y. These 
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salts are very soluble; hence, they can be used in comparatively 
large concentrations without being disturbed by the limit of 
solubility. However, the solubility of a salt is not the only factor 
which determines whether it is suitable for the purpose of salting 
out. MgS0Oz is less soluble than MgCl, and yet it can be employed 
to salt out agar-agar whereas the chloride is unsuitable even at 
the highest concentrations. 

It has been shown that the power of salting out depends on 
both the nature of the cation and that of the anion, The dif- 


0.30 


0.10 


Water 50 Alcohol Water 50 : Picchu 
Concentration Concentration 
Fig. 89. Fig. 90. 


ferent cations can be arranged in a series of decreasing precipitat- 
ing power, from left to right, when used in equal molecular con- 
centration. A similar series exists for anions. These series are 
called lyotropic series. 

Cation series: 


Li—Na—K—Rb—Cs and: Mg—Ca—Sr—Ba. 
Anion series: 
SO,—ClI—Br—N0O3—J—CNS 


These lyotropic series are not only met when emulsoids are 
salted out but are also characteristic of a number of other physico- 
chemical phenomena. The effect of neutral salts on the rate of 
inversion of cane sugar and on other reaction velocities is determined 
by the order of the lyotropic ionic series. The same sequence is 
noticed in the displacement of the maximum density of water 
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(at 4°); in the change in solubility of non-electrolytes, for instance, 
that of urea in water; and in the lowering of the surface tension of 
water. In the subsequent chapters we shall consider still other 
properties that are related to these lyotropic series. 

The significance of the lyotropic order of ions is best understood 
from its connection with another phenomenon in which the series 
also comes to the fore, viz., the hydration of ions. From investiga- 
tions concerning the mobility of different ions,° the conclusion has 
been reached that these ions, generally speaking, carry water 
molecules along with them. It appears that the degree to which 
ions are hydrated is determined by the lyotropic series; hence, it 
is obvious that this series must be regarded as an indication of 
the order in which the respective ions are hydrated. This hydra- 
tion, of course, is a reaction which is subject to the law of mass 
action. The fact just mentioned readily explains the effect of 
salts on the solubility of other substances: ter the 
far_the ubstance. This practica corresponds to a 
removal of the solvent. ThE-eteet onathe reactor eres 
(increase of active mass) is likewise easily understood; but the 
change in surface tension and the displacement of the maximum 
density (of water) cannot be explained by ionic hydration. It is 
now generally conceded that the latter is closely connected with 
the association of the water molecules to di- or polyhydrols: 
nH20 = (H20),. The influence exerted by the ions in the order 
of the lyotropic series is apparently such that those at one end 
favor association while those at the other extreme promote dis- 
sociation. Since surface tension is intimately related to the molec- 
ular size of the liquid, it is evident that the same relationship 
holds for the change of the surface tension in the order indicated 
by the lyotropic series. 

We thus arrive at the inference that a lyotropic series expresses 
the order in which the ions take up water or affect the associa- 
tion and dissociation of water. 

Salting out has, quite naturally, been related to the power of 
the ions to take up water, a property which formerly caused the 
impression that the effect of electrolytes on emulsoids merely 
consisted in withdrawing water from the sol, whereas the influence 
exerted by electrolytes on suspensoids was considered to be due 
to capillary electrical phenomena. In the light of the experi- 
ments sketched in the preceding sections, however, the effect on 
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emulsoids appears to be less one-sided. We now realize that the 
small initial amount of added electrolyte fully performs its capil- 
lary electrical task and that the removal of water is brought 
about subsequently in the order of the lyotropic series. This 
argument can be readily verified by studying the change in relative 
viscosity as a function of the salt concentration. 

Figure 91 shows how the relative viscosity of an agar-agar sol 
varies when MgCle or MgSO is added. The curve as drawn 
shows that the first few mil- 
limoles added eliminate the 
electroviscous’ effect. The 
valence of the Mg ion is 
the determining quantity; 
hence, both curves coincide. 
At higher concentrations the 
effect of the dehydration is 
felt, and this effect is greater 
for the sulphate than for 
the chloride in accordance 
with the position of these two Concentration in moles 
ions in the lyotropic series. Fig. 91. 

We notice that the curve for 

the sulphate lies lower and soon descends rapidly, thus resem- 
bling closely the alcohol-dehydration curve represented in Fig. 90, 
the difference being that in the latter case the dehydration is not 
preceded by a removal of the charge, so that the dehydrated 
emulsoid remains stable. The magnesium sulphate, however, 
dehydrates a discharged emulsoid and consequently causes a 
simultaneous flocculation. The sulphate curve, for this reason, 
cannot be continued very far on the descending lower part as the 
viscometer soon becomes filled with flakes. 

The theory presented here indicates, therefore, that salting out. \ 
consists in a discharge followed by dehydration. Inother words, itis | 
‘equivalent to a removal of both stability factors, which brings this | 
phenomenon in line with the viewpoints developed in this chapter. 

The action of sulphuric acid and glacial acetic acid, mentioned | 
at the end of Sec. 64, need not be discussed separately since these | 
substances act in a similar manner. Another side of the kasi | 
of lyotropy will be further discussed on page 236. ; 

65. Dehydration by Tannins.—It is a familiar fact that tannin 
solutions precipitate various emulsoid sols. For example, the 
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mutual precipitation of tannin and gelatin is a well-known qualita- 
tive reaction, and the transfer of emulsoid material (particularly 
proteins) into insoluble forms of matter by means of tannin has 
long been the basis of the theory of tanning. 

Other sols, like those of agar-agar and starch, can like- 
wise be precipitated by tannin.® Careful investigation has shown 
that the addition of tannin to emulsoid sols free from electro- 
lytes does not necessarily produce flocculation; but if, on the other 
hand, tannin is added to a sol such as that of agar-agar, the latter 
is changed from the emulsoid into the suspensoid condition. The 
sol containing tannin has a milky appearance (TYNDALL light), 
shows a well-differentiated ultramicroscopic picture, and possesses 
a viscosity which differs only slightly from that of water. The 
sol becomes very sensitive to electrolytes, and the effect due to the 
electrolytes present depends entirely on the valence of the ion of 
opposite charge. In short, we are dealing with a sol which has 
purely suspensoid properties; the agar-agar sol treated with tannin 
shows great similarity to the sol dehydrated by alcohol. On 
account of the decreased viscosity, we are safe in stating that 
tannin has dehydrating properties and acts in a way similar to 
alcohol. 

The disappearance of emulsoid properties is also indicated by 
the fact that an agar-agar sol treated with tannin no longer gelatin- 
izes on cooling, a property characteristic of hydrated particles 
(ef. ps 202). 

There is, however, one striking difference between the dehydrat- 
ing action of alcohol and that of tannin. Minute quantities of 
the latter are sufficient to bring about dehydration, whereas the 
action of alcohol becomes noticeable only in weight percentages 
in excess of 50 per cent. Since the same effect is produced with 
1 per cent of tannin, the mechanism of dehydration by tannin 
must be entirely different from that caused by alcohol. It is 
reasonable to explain the difference as follows: 

We saw previously that the dehydration effected by alcohol 
results from the mass-law equilibrium between alcohol and water 
(see p. 180). Tannin, on the other hand, is a substance which 
lowers the surface tension considerably; in other words, it is 
strongly adsorbed. Hence, the large effect in small concentra- 
tions is presumably due to the adsorption of tannin by the colloidal 
particles. 
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That this is really the case can be proved in the following 
manner: When another compound that is capable of exerting a 
displacing action (cf. p. 40) is added to an agar-agar sol treated 
with tannin, the colloidal particles are freed, at least partly, from 
the adsorbed tannin; and, consequently, the emulsoid properties 
must return. Curiously enough, we can use, for instance, alcohol 
for this purpose. Investigation has shown that alcohol added 
in small amounts to an agar-agar sol, that has been dehydrated 
by tannin, increases the ‘relative viscosity and brings back the 
property of gelatinizing, whereas the addition in quantities of 
about 50 per cent again prevents the setting of the sol as a result 
of the dehydration by alcohol. 

This shows that the action of tannin on emulsoids agrees with 
our ideas concerning the stability of emulsoid sols. Tannin is a 
dehydrating agent, but the principle on which it acts is different 
from that which governs the action of alcohol. In interpreting 
this dehydrating action, we might point out the following: Tannin 
is penta-digalloyl-glucose: 


CesH7O¢6[COC6H2(OH)20COC6H2(OH)s]s5, 


and has the structure: 


0=C—H 
He H H H 
(eters Re, Lees See eae ea 
' ' 6 ) 
bo = bo bo be 
ES 2 DEE 
Hol ox ee Hol ox Hol ox wl 
6 6 6 6 " 
cg PR ey mcciom os ates 
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When this substance is adsorbed, it will probably turn the 
glucose end of the chain toward the particle and the phenol groups 
toward the water, according to the theory of Lanamurr and Har- 
KINS (see p. 41). The outside of the particle will no longer be 
covered by its own hydrophyle molecules but by phenol groups. 
Since the simplest phenol is only partially miscible with water, 
and since, moreover, the miscibility for complicated phenols 
decreases, it 1s obvious that the hydrophile character of the agar- 
agar particles will be greatly diminished by the modification of 
their boundary layer. In an alkaline medium, however, the 
phenol groups are changed into groups —ONa which are ionized 
and remain to a large extent hydrophile. Hence tannin does not 
dehydrate in an alkaline medium. 

This remarkable property of tannin is noticed for all depsides 
to a greater or lesser extent. We find, therefore, that the investiga- 
tions of H. G. BUNGENBERG DE JonG ©” have developed a new 
method of dehydration, viz., by adsorption of substances having 
certain definite molecular configurations. The important modi- 
fications thus introduced in the system, particularly with regard 
to the sensitiveness towards electrolytes, may offer a basis for the 
explanation of various precipitation reactions in nature. 


. + 
dehydration by alcohol +o + 
rehydration by water te 

= + 
charged charged 
emulsoid suspensoid 


discharge 
by electrolyte 

discharge 
by electrolyte 


dehydration by alcohol 
[Misa oe 


uncharged, precipitating 
emulsoid particle 


Fig. 92. 


66. Summary.—Our concept of the stability of an emulsoid 
sol of the simplest type, such as one of agar-agar or starch, may be 
embodied in the following sketch (Fig. 92) which will be readily 
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understood. The dehydration of the electrically charged particle 
is represented as reversible, whereas the removal of the electric 
charge is not reversible (at least not in a simple way). Further- 
more, the dehydration of the uncharged emulsoid is an irreversible 
flocculation, for, as we have seen, this flocculation is very similar 
to that of suspensoids; i.e., once the primary particles have united 
to form flakes of secondary or more complex particles, these 
flakes cannot by a simple process be broken up into primary 
particles, : 
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CHAPTER XIV 
PROTEIN SOLS 


67. Amino-acids in True Solution.—Ini this chapter it will be 
shown that the behavior of protein sols is in complete accord with 
the general stability conditions developed in the previous chapter. 
The line of reasoning developed and the conclusions drawn will be 
considerably at variance with the customary trend hitherto fol- 
lowed in textbooks of physiological chemistry. As stated on 
page 178, these texts usually consider protein sols as solutions of 
electrolytes; i.e., as systems in which the proteins are molecularly 
or ionically dispersed. 

Proteins are known to be substances which, in the language of 
organic chemistry, behave like amino-acids. Their molecular size 
is, as a rule, unknown, and thus may be imagined to agree with the 
dimensions of particles in true colloidal dispersion. This trend of 
thought will be discussed later (p. 192); but for the present we 
postulate that protein sols are colloidal systems. In fact, they 
are the classical examples of colloids; hence, they consist of poly- 
molecular particles, and the chemical processes in which they take 
part occur at the boundary of these particles, so that here, as else- 
where, we are dealing with boundary phenomena. In the preceding 
chapters it was found that what happens in the boundary is either 
adsorption pure and simple or electro-adsorption with capillary 
electrical effects. In the case of protein sols, these phenomena 
also play an important réle, and the knowledge gained from amino- 
acids in true solution—for instance, from aminobenzoic acid—will 
be valuable in helping us to understand the interaction of the 
molecules on the outside of the particles and the surrounding 
liquid. Let us consider, therefore, first of all, the properties of 
amino-acids that are in true solution as amphoteric electrolytes. 

An amphoteric electrolyte is one that can split off both hydro- 
gen ions and hydroxyl ions and hence can act either as anion or 
cation, as is the case, for instance, with aminobenzoic acid. In 
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a strongly acid solution (for instance, HCl) it breaks up chiefly 
into the following ions: 


Cl- + (HNH2CeH41COOH) +t; 


and in a strongly alkaline solution (NaOH, for instance) into the 
ions: 
(NHeCe6 HsCOO) — + Nat. 


Hence, the amino-acid may be in equilibrium with both H ions 
and OH ions; but these two ions themselves are in equilibrium 
only when they obey the well-known equation for the dissociation 
of water: 

Cy+*CoH- = Kw (Ku = 0164. 10 42at 18°). 


If we designate the affinity constant of the aminobenzoic acid, 
when it acts as an acid, by K,, and indicate its dissociation 
constant when it acts as an amine by Ky, then the following 
three equations hold simultaneously for the amino-acid: 


Cy+*CoH- = Kw a8 ete Ale Wages Wheel sholars (1) 
Cyt *CR- = ISG, : aS a Ns ey as 2) 
CoH-"CRt = Ky: cr Stl cay espa Se ot Beto ee (3) 


where cr is the concentration of the undissociated molecules of 
amino-acid and cr+ and cr- the concentrations of its cation and 
anion. 

Since amino-acids are generally more acid than alkaline, we 
find as a rule that K,> Ky. 

If conditions are so arranged that ca+ = Cr-, there are as many 
positively charged ions of amino-acid as there are negatively 
charged ones (besides the so-called ‘“‘ Zwitter”’ ions); therefore, an 
electric current cannot produce any visible displacement of amino- 
acid in this solution. This condition, in which there is no dis- 
placement by an electric current, is called the zso-electric point 
of the amino-acid. 

For cp+ = Cr-, we can derive, from equations (2) and (8): 

Cyt Ke 


= Aa ee ar aL. 5) 


CoH- Ky 


Since K,> Kz, the concentration of the H ions must also be greater 
than that of the OH ions at the iso-electric point; hence the latter 
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lies in a slightly acidified solution. Furthermore, we can readily 
infer that at the iso-electric point the dissociation of the amino- 
acid isa minimum. It is self-evident that this condition is reached 
in weakly acid solution, since the dissociation of the weak amino- 
acid must be forced back by hydrogen ions introduced from the 
outside. This conclusion is also obtained by solving equation (1) 


Ww 


for Con-,; Con- = and substituting this value in equation (4): 


Cyt 


»_ K.Ke * 


CHt K, 
Consequently, the hydrogen-ion concentration of the iso- 
electric point is determined by the three equilibrium constants, and 
this value is independent of the concentration of the amino-acid; 
in other words, the iso-electric point lies at the same hydrogen-ion 
concentration, no matter whether we have a hundredth-normal or 
a tenth-normal solution of the amino-acid. 
Amino-acids react with alkalies, forming salts of the type: 
COONa. 


NH ; whereas with acids they form acid salts of the general 


With neutral salts they react slightly or not 


at all, for the simple reason that they are weak acids and hence 
are not affected by neutral salts of strong acids and bases, except 
for the possible forcing back of ionization by a common ion. 

68. Colloid Character of Protein Sols.—One may ask: Are 
protein sols systems like those discussed in the previous section? 
No doubt, they contain molecules of amino-acids, and certain 
electrical phenomena can be as well explained from the viewpoint 
developed in Sec. 67 as from the concept that a protein par- 
ticle is not a single molecule but a polymolecular unit, subject 
to cataphoresis, for instance. 

If the protein in a sol is displaced by an electric current flowing 
toward the anode, it is possible that we are dealing with dispersed 
anions of protein or with negatively charged colloidal particles. 
In either case there will be a displacement of the protein toward 
the anode. 

Nevertheless, both in the previous section and in the preced- 
ing chapter, several arguments were advanced in favor of the 
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second conception. In Sec. 70, other considerations pointing in 
the same direction will be mentioned. Furthermore, certain 
inferences drawn from Sec. 67 do not hold for protein systems. 
For instance, in discussing equation (4) we saw that the iso-electric 
point of amino-acids in true solution lies at a certain hydrogen-ion 
concentration which is independent of the concentration of the 
sol. From the researches of PauLt and Samec ! it appears that 
this is not the case for protein sols since the hydrogen-ion concentra- 
tion of the iso-electric point varies with the concentration of the 
protein. Hence, the conclusion is reached that a colloidal protein. 
particle consists of a large number of molecules, some of which are 
found on the outside of the particle while others are inside. The 
molecules of the periphery are in a position to interact with their 
surroundings and determine the electrical condition of the particle. 
The statements made in Sec. 67 about amino-acids are more or 
less valid for the molecules on the outside of the particle. Depend- 
ing on the state of acidity or alkalinity of the medium, the ioniza- 
tion of the molecules in the boundary will be determined by the 
group RNH3* | ~Cl or by the group RCOO- | Na*. Furthermore 
remembering that at the interface the electrically polar groups 
orient themselves at right angles to the boundary whenever pos- 
sible (see p. 41) we realize that the charge of the particle is 
governed by the hydrogen-ion concentration of the medium. In 
Fig. 93 is sketched the condition of a particle, first, for a hydrogen- 
ion concentration greatly in excess of that belonging to the iso- 
electrical point (Fig. 93 a), and second, for a slight hydrogen-ion 
concentration (Fig. 93 c). These sketches express the idea that 
the colloidal particle is either positive or negative, depending on the 
hydrogep-ion concentration, and also that there is one hydrogen- 
ion concentration at which the particle is neither positive nor 
negative (Fig. 93 b). 

The investigations of Pauti, Lorn, and others have shown, 
for instance, that gelatin does not move in a cataphoretic tube 
when the hydrogen-ion concentration of the intermicellar liquid 
corresponds to Py = 4.7. For pure water Py = 7. According 
to the statements of Sec. 67 we have minimum dissociation for a 
value of Py = 4.7; hence, the number of electro-polar groups is a 
minimum for this concentration and we have as many —COONa 
groups as there are — NH3Cl groups. In other words, the charge 
of the particle is zero. We also find, in accord with previous 
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statements, that the iso-electric point lies at a slight concentration 
of acid. 

It is obvious that a natural protein which has been subjected 
to dialysis against pure water for a considerable time changes into 
a colloid with an intermicellar liquid of hydrogen-ion concentra- 


Fig. 93. 


tion Py = 7. Years ago, Pauur had already found that the elec- 
tric charge of proteins decreased considerably on prolonged 
dialysis. Nevertheless, we often meet, in chemical literature, 
with the incorrect statement that one can obtain neutral protein 
in this manner. Pauti himself stated that prolonged dialysis 
produces a protein sol that is slightly negative. This is only 
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natural since we are here on the negative side of the iso-electric 
point. Strictly neutral protein is obtained by dialyzing against 
water containing so much acid that the concentration of the iso- 
electric point is just reached. Lors found that one can best 
remove all ash constituents by the use of such a liquid. It should 
be remarked, however, that even if adsorbed constituents are 
removed, others are always introduced by the process of displace- 
ment adsorption. Hence, we cannot confirm Loxrs’s statement 
that gelatin treated with an acid solution of zo:¢ normal hydro- 
chlorie acid or zys normal acetic acid is completely free from sub- 
stances that are not gelatin. If one has used hydrochloric acid, 
the presence of chlorine, which has entered into the gelatin by 
displacement, can readily be detected. 

This idea of the structure of proteins is completely in line with 
the considerations of the preceding chapter and explains the behav- 
ior of protein sols satisfactorily. 

Let us discuss, first of all, the viscosity of a gelatin solution 
as a function of the hydrogen-ion concentration. LorB made an 
unusually extensive study of this relationship. It is to his credit 
that he paid particular attention to the hydrogen-ion concentra- 
tion of the intermicellar liquid and did not confine his investiga- 
tions to the concentration of the added acids and bases. In the 
course of his researches, he gradually dropped his early view that 
gelatin solutions were true electrolyte solutions; and the present 
writer is convinced that, had his untimely death not interrupted 
his work, he would before long have arrived at the theory that is 
here propounded. His last experiments on the cataphoretic 
velocity of gelatin pointed clearly in this direction. Probably he 
would have been forced to retract erroneous statements regarding 
colloid chemistry made in previous years. As a matter of fact, 
he had already deserted his original viewpoints a number of times 
in the period from 1918 to 1923. 

The general character of the change in the viscosity with the 
variation in the hydrogen-ion exponent is indicated in Fig. 94. 
At the iso-electric point the charge is zero, and, since the electro- 
viscous effect is necessarily a minimum at this point, the viscosity 
must increase both by an increase and by a decrease of the hydro- 
gen-ion exponent. The increase in viscosity from the iso-electric 
point onward must, therefore, be primarily caused by the electro- 
viscous effect. The fact that this increase gives rise on both sides 
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to a maximum is in full accord with previous statements concern- 

ing capillary electrical processes 

(see p. 82), 1.e., that all charging 

effects are maintained up to cer- 

tain maximum values, to be fol- 

lowed by a subsequent decrease. 

Similar behavior is exhibited by 

| the viscosity curve drawn in 

imc eee asGie ie VB OPee Nie OA 

Fig. 94, It will be shown presently 

that hydration is also dependent 

on the electric charge and that there are consequently two factors 
which affect the viscosity. 

In this trend of thought, the hydrogen ion, as such, does not 
play a unique part. In Lors’s opinion, this ion was all-important; 
he thought that only an ion which determines the chemical behavior 
of protein could produce an effect. However, boundary charges 
are modified not only by chemical reactions in the interface but 
also by adsorption of oppositely charged ions, particularly of 
polyvalent ions. H. R. Kruyr and H. J. C. TEnpDELOo ? have 
recently found that the course of the viscosity curve drawn iu 
Fig. 94 is not exclusively governed by hydrogen ions. For 
instance, if we choose a gelatin sol with Py = 4.4, which is posi- 
tively charged and represented by a point to the left of the iso- 
electric point, we shall find that addition of K3Fe(CN)6 causes a 
lowering of the viscosity due to the trivalent anion. At a con- 
centration of 1} milli-equivalents per liter a minimum value is 
reached. At higher concentration the viscosity again increases; 
yet under all these circumstances the Py remains unchanged. 
Hence, we can reach the iso-electric point either by establishing 
a Py of 4.7 in the medium or else by bringing it up to a Py of 4.4 
by the addition of 14 milli-equivalents of Fe(CN)s—--. In 
fact, the same effect is obtained when the Py is made equal to 4.9 
and 0.2 milli-equivalent of [Co(NH3)6]*++*, Le., the cation of 
luteo-cobalt chloride, is introduced. This investigation demon- 
strates convincingly that neither the H ion nor the OH ion occupies 
a unique position, but that simply the general action of cations and 
anions is involved. This action merely becomes somewhat more 
pronounced whenever there is a special chemical relation between 
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the ion and the material of which the dispersed particles consist 
(H ion and protein for instance). 

Concerning the effect of alcohol on the stability of gelatin sols, 
Lors found that the sol is extremely sensitive to alcohol at the 
hydrogen-ion concentration of the iso-electric point, a result which 
agrees with statements made in the foregoing pages. On page 180 
attention was called to the dehydrating character of alcohol and 
the réle it plays in removing one of the stability factors. When 
a sufficient amount of alcohol is added, the sol can only exist 
insofar as is consistent with its electric charge. 

The latter being at its minimum for the iso- 

electric point, it is evident that very little 

dehydration is required to deprive the sol 

entirely of its stability. Figure 95 shows the 

so-called alcohol numbers plotted as ordinates A R; 
against the hydrogen-ion exponent as ab- : 

scissa. By alcohol number, Lorsp means the Bia. 95. 
number of cubic centimeters of alcohol which 

must be added to 5 cc. of sol in order to produce flocculation. 

The iso-electric point is also a minimum for the electrical con- 
ductance of the sol. It is obvious that the conductance is greater 
the higher the potential of the double layer, i.e., the more polar 
groups constitute the double layer. It goes without saying, 
therefore, that the iso-electric point represents a minimum in the 
electrical conductance. 

The minimum osmotic pressure at the iso-electric point will be 
taken up in the next chapter (see p. 209). 

Lors laid particular emphasis on the fact that the effect of 
different acids on protein solutions is perfectly stoichiometric; he 
used this as a strong argument in favor of the molecularly dis- 
persed nature of protein sols. The author is inclined to think 
this view incorrect because this is also true of polymolecular 
particles, in which only the molecules of the boundary layer react. 
It is evident that these boundary molecules will react proportion- 
ately to their number. Hence, the concept here set forth explains 
perfectly the stoichiometric relation to which Los called special 
attention. 

Furthermore, there is another fact, totally incomprehensible in 
Lors’s theory, but readily understood from the point of view of 
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this discussion, viz., the great difference in the properties of various 
gelatin sols. If they were all molecularly dispersed, their condi- 
tion, and hence their properties, would be completely defined. 
But, precisely because of the poly-dispersity of the systems, their 
ultimate properties depend entirely on the incidental circumstances 
under which the sols are prepared. For these reversible colloids, 
the conditions of peptization are really simple; but the final 
product is quite sensitive to small changes in the method of prepara- 
tion, such as previous imbibition, temperature of dissolving, speed 
of warming, stirring, etc. In Logp’s experiments, only one 

gelatin solution was used for each series, 


SER and consequently we do not notice these 
‘ } ee QD differences. One would err, however, in 
pias assuming that two 1 per cent solutions 
t { of gelatin, for instance, were stoichio- 
aN -4- trically on a par. Experimental evi- 
(at elu gen ree pies 
- iD: ee 1D+- dence will immediately nullify his idea. 
Natnpaitey, Giecat 
Ses ee — _~—  Lorp’s work could, at best, only prove 
{ { that for a given gelatin solution one 
tae and the same number of molecules 
: as 8 ; ; 
\@ UMS rrsra QD (viz., those in the boundary layer of 
ah t the particles) is active in various reac- 
if tions; it could by no means verify the 
= + 


oa + statement that all gelatin molecules 
+I-K J a a ae present in solution react. Moreover, 
ek HorrmMan and GortnER ? have shown 
Y that even the former simple relation 
/ 10 does not exist. 

\ Q} oo QD To complete this discussion, a sketch 
of the stability conditions in a protein 
sol of the gelatin type is given. Fig. 
96 brings out clearly the respect in 
which a gelatin sol differs from a sol of the agar-agar type 
(Fig. 92, p. 188) where the charge is not determined by the 
amino-acid character of the constituents of the boundary 
layer. Drawings 1-5 (Fig. 96) represent the hydrated particle 
at different hydrogen-ion concentrations. If 3 indicates the 
uncharged particle at the iso-electric point, 2 represents the con- 
dition in a more acid medium, and 4 the condition in a more basic 
one. Excess of acid causes a lowering of the charge, as shown in 
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1; while excess of alkali produces the same effect, as indicated in 5. 
These five sketches agree with the viscosity curve of Fig. 94. 

If alcohol is added to the sol in these various conditions for 
the purpose of dehydration, we obtain the conditions designated 
by the numbers 6-10, which are readily understood. In cases 7 
and 9 a stable suspensoid is formed. In cases 6, 8, and 10 floc- 
culation takes place, since neither of the two stabilizing factors, 
1.e., neither charge nor hydration, is left. 

Figure 96 illustrates, therefore, all possibilities of stability and 
flocculation in a system of the gelatin type, based on the general 
considerations developed in the preceding chapter. It shows that 
this theory thoroughly elucidates the dynamics of a protein sol. 

69. Sols of the Casein Type.—In the foregoing discussion it has 
been steadily maintained that a sol can exist either by hydration 
alone or solely by virtue of its electric charge. However, there 
are undoubtedly some proteins that are not sufficiently hydrated 
to be stable by their hydration alone; in such cases a certain 
ionization of boundary molecules is required to furnish a sufficient 
charge and make up for the deficiency in stability caused by the 
defective hydration. An example is casein, which can exist either 
in an acid or in an alkaline solution, but does not dissolve in water, 
with the consequence that the sol ordinarily flocculates when 
neutralized. 


Flocculation 


Alcohol Water Alcohol Water 
se 
Hydration Hydration 
Fig. 97. Fig. 98. 


In general, we can represent the conditions by the sketches 
reproduced in Figs. 97 and 98, where the potential of the double 
layer is plotted as ordinate. The concentration ratio alcohol 
water (not the hydration itself) is chosen as abscissa. 
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A gelatin sol (Fig. 97) is stable in water for any charge, even a 
zero charge. When, however, an uncharged sol is dehydrated, 
flocculation occurs at the point b, and we enter into the cross- 
hatched precipitation zone. For a higher charge stronger dehydra- 
tion is required to bring about flocculation, as is also shown in the 
figure. 

Figure 98 illustrates the behavior of casein in the same manner. 
This system is stable in water only when the charge of the boundary 
layer exceeds that of the point a. Dehydration by alcohol 
increases the possibility of flocculation, as is indicated schematic- 
ally in the figure. 

A comprehensive study* has shown that casein does behave as 
an emulsoid sol, but that as such it is far behind agar-agar sols 
and gelatin sols in lyophile properties. It might be considered a 
sol in which suspensoid properties predominate, and hence its 
place would seem to be midway between a typical suspensoid sol 
and a typical lyophile sol. It is similar in behavior to tin oxide 
(cf. p. 97) which can likewise be peptized in an alkaline or in an 
acid medium; tin oxide sol is, therefore, in a way a suspensoid 
with electrical properties resembling those of proteins. In fact, 
like proteins, tin oxide also shows amphoteric properties to a 
certain degree. 

70. Conclusions.—Briefly summarizing our ideas regarding 
the stability of suspensoids and emulsoids, we arrive at the follow- 
ing conclusion, which is best illustrated by means of four character- 
istic sols: (1) gold sol, (2) tin oxide sol, (3) agar-agar sol, (4) 
gelatin sol. 

The stability of these sols is dependent on the electric charge, 
on hydration, or on both. In the case of the first two sols there is 
practically no hydration; they are suspensoids, the stability of 
which is solely a function of their electric charge. The last two 
sols can exist on the strength of their considerable hydration 
alone, although they are generally stabilized by both charge and 
hydration. 

Between sol 1 and sol 2 there exists a difference already exten- 
sively discussed on page 99. The gold atoms in the periphery of 
the gold particle are not able to form a double layer of their own 
accord, but require an outside peptizing electrolyte in order to 
obtain a charge. The flocculation of such a sol is in perfect 
ecordance with Frrunpuicu’s theory, discussed on page 69. 
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The tin oxide sol, however, has a double layer, the inner coating 
of which is furnished by the sol itself. Since this inner coating 
may be positively or negatively charged, depending on the stabiliz- 
ing electrolyte, two kinds of sols are possible. 

About the same difference exists between the two emulsoid sols 
mentioned above. The carbohydrate agar-agar is in itself little 
suited to the formation of a double layer. Traces of an electrolyte 
(possibly derived from the ash content) build up the double layer, 
and the phenomena of discharge are governed exclusively by the 
theoryof FreunpuicH. The gelatin sol, on the other hand, possess- 
ing ionogen molecules, can form a double layer either in an acid 
or in an alkaline medium, thus greatly resembling the tin oxide sol. 

Hence, there is this difference between sols 1 and 2, and likewise 
between sols 3 and 4; viz., that sols 1 and 3 derive their double 
layers from absolutely extraneous constituents whereas in the 
second and the fourth cases one constituent of the double layer 
originates in the particle itself. 

We thus see that our considerations have led to a generalized 
conception of the stability of colloids, which is applicable to both 
suspensoids and emulsoids. In spite of the great diversity in 
properties of colloidal substances there has been developed a line 
of reasoning which condenses the broad domain of colloid chemistry 
to a comparatively small number of fundamental concepts. We 
have been enabled to carry through this idea by means of a detailed 
discussion of four extreme cases. In Section 85, some space 
will be devoted to a few other colloids which lie between these 
extreme cases; for here, as elsewhere, our attention is fixed, first 
of all, on the extreme cases even though it is fully realized that 
there exist numerous intermediate ones. 

71. Special Properties of the Gelatin Sol.—The gelatin sol has 
frequently been used as the most typical lyophile sol, although, 
as frequently stated in the foregoing pages, the agar-agar sol 
represents a much simpler type and hence is to be preferred as 
the classic example of this group of colloids. 

Gelatin, however, has a number of peculiarities which make it 
very remarkable. 

In the first place, the term ‘“‘gelatin”’ is indefinite in meaning 
since the properties of the decomposition products of collagen 
vary all the way from those of hard gelatin to those of glue. 
Evidently, we are confronted by a gradual breakdown of the con- 
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stituents of collagen in successive steps. Any sample of gelatin 
will be found to be a mixture of these various decomposition 
products. 

There is, however, one very striking property of gelatin that 
is not possessed by any other protein solution: this is the equi- 
librium reaction which, below 50°, takes place at a slow but quite 
perceptible rate. This phenomenon makes itself apparent in 
various ways, most characteristically in the mutarotation which 
has been carefully studied by Smrrn.° The polarization of a 
freshly prepared solution changes slowly with time, reaching an 
end value which depends on the temperature. Another method 
of studying this phenomenon was followed by von ScHR6pDER © 
for hydrosols of gelatin, and by Artsz7 for glycerosols of gelatin. 
They found that the viscosity is a function of the previous history, 
in other words, of the temperature at which the sol has been kept 
and the speed with which it has attained its final temperature. 

This special property of gelatin is probably not of a colloid- 
chemical nature but belongs to a reaction occurring inside the 
molecules of the dispersed particles. The phenomena of mutarota- 
tion have been fully investigated for molecularly dispersed sys- 
tems,® for instance, for cane sugar, while systems with dynamical 
isomers ° correspond entirely to those studied by Arisz. Gelatin 
sols, therefore, are systems of very special properties and it would 
be a serious mistake to consider their behavior as characteristic of 
lyophile sols in general. 
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CHAPTER XV 
OSMOTIC PHENOMENA 


72. Osmotic Phenomena of Colloids.—As a physico-chemical 
quantity, osmotic pressure occupies a unique historical position: 
Van’t Horr’s theory of dilute solutions took as its starting point 
the osmotic pressure. This quantity itself appears to play a 
large part in biological processes, and, although direct measure- 
ments of osmotic pressure have been comparatively few in number, 
it has acquired—rightly or wrongly—a certain historical prestige 
which gives it a high standing, particularly among biologists. 

In the theory of dilute solutions, the osmotic pressure is taken 
to be proportional to the molecular concentration. When brought 
in relation to the lowering of the freezing point and the elevation 
of the boiling point, it furnishes three methods for the determina- 
tion of the molecular size of dissolved substances. The measure- 
ment of the two last-named quantities has given no results at all 
when applied to colloids. On the other hand, numberless measure- 
ments of osmotic pressure have been performed for colloids, 
especially for proteins. On page 144 the difficulties that must be 
avoided at the outset were pointed out. Even in the case of 
systems in true solution, one measurement of the osmotic pressure 
is not sufficient to give an insight into the number and size of the 
particles that are osmotically active. 

73. Theory of Donnan.—Let us place in an osmometer a sub- 
stance such as Congo red, which is ionized into the Na ion and the 
Congo red ion, the first of which passes freely through a collodion 
membrane while the second cannot pass. Donnan, in 1911,! 
propounded a theory which explains the effect of added electro- 
lytes on the osmotic pressure, even when these electrolytes them- 
selves can pass freely through the membrane. 

As an example, Donnan takes an aqueous solution of Congo 
red in the presence of sodium chloride. 

203 
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Let us employ the subscript 7 for concentrations inside the 
osmometer and o for those outside. It is obvious that free ions 
cannot pass the membrane; each Nat ion must move as one of a 
pair of which the other member is a Cl~ ion; since otherwise these 
ions would set up powerful electrostatic forces which would prevent 
diffusion. The frequency with which a sodium and a chlorine ion, 
inside the osmometer, simultaneously strike a unit area of the 
membrane depends on the product of the ionic concentrations, 
viz., [Nat]; X [Cl-). Likewise, the chance of a sodium and a 
chlorine ion striking a unit area of the membrane from the other 
side, is proportional to the product [Na*],  [Cl7]. 

Equilibrium will be established only when the transfer of 
paired ions per unit time is the same in both directions, whence: 


[Na*}-x [Clos = [Nath X [Cl eis ~ = () 


It follows, therefore, that the product of the concentrations of 
the Na+ and Cl- ions has the same value on the inside and on the 
outside. The Nat ions inside the osmometer are derived not 
only from the salt but also from the Congo red, a fact which com- 
plicates the sodium chloride equilibrium on both sides of the 
membrane. 

Let us indicate the initial state of affairs by the left-hand side 
of the subjoined scheme, where the symbols to the left of the verti- 
cal line designate the liquid inside the osmometer, and those to the 
right the outside liquid. Congo red is represented by the symbol 
NaR. The initial concentrations are assumed to be all the same, 
viz., C. 


At the outset: At equilibrium: 
Nat R- Nae Re 
ri 3 Ciaae 
Nae Ole _> Nat oc 
Cc Cc c+ta cta 
Nat Cl- Nat; Cl= 
eae c—x Cc—2x 


From equation (1) it will be evident that, at the start, there 
are too many sodium ions inside the osmometer, hence some salt 
moves out, the loss in concentration being represented by x. The 
final state of affairs, as shown on the right, leads then to the follow- 
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ing relation, obtained by substituting the right values in equation 
(1): 
(2c — x) X (¢ — 2) = (e+ 2)’, 
or: 
2c? — 8cx + a? = c? + Acx + 2, 
whence: 
x= Fe, 

There will be equilibrium when the concentration of the sodium 
chloride is $c on the inside and $c on the outside. 

Furthermore, we count the number of osmotically active 
particles present, and find that there are 32 cN particles inside the 
osmometer and 22 cN particles outside (V = AVOGADRO’s constant). 

If we did not follow this line of reasoning, but adopted the 
viewpoint that the presence of the salt is immaterial, since it can 
pass freely through the membrane, we should have 


a = 2cRT, 


whereas DonNAN’s theory plainly shows that the osmotic pres- 
sure, 7, is equal to (32-22)cRT, or 14cRT. 

Calculations based upon the above theory lead, therefore, to a 
value for the osmotic pressure 40 per cent lower than that obtained 
by a haphazard application of the law of van’r Horr. 

With other concentrations of Congo red and sodium chloride, 
using the same osmometer system, we obtain the results reproduced 
in the table below: 


TVATB LB exXOxoy 
INITIAL CONCENTRATIONS Fina CONCENTRATIONS 

: Per cent Ratio 
BS NaQ? go NaCl, 7 (NaCl: Nach, 
0.01 1 0.01 49.7 1.01 
Oeil 1 Ont 47.6 tal 
1 2 ONS 40 thei 
1 1 1 33 2 
1 0.1 10 8.3 11 
1 0.01 100 1 99 
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From this table, taking for instance the last row, we see that 
the salt is almost exclusively in the outside liquid. One might 
be inclined to say that the membrane is impervious to the salt. 

If we calculate the ratio between the osmotic pressure accord- 
ing to vAN’T Horr’s well-known law and the osmotic pressure as 
computed by Donnan, we find the values given in Table XX VI 
at the corresponding ratios of concentrations used. The concen- 
tration of Congo red is represented by ci, while cz stands for the 


total concentration of the salt, and 22 forthe ratio of the osmotic 
H 


pressures as calculated by DonNaAn’s and’ van’t Horr’s methods. 


TABLE XXVI 


It might be thought that these complications occur only when 
the diffusible salt has an ion in common with a substance of the 
type of Congo red. This is, however, not the case. With an 
initial and a final condition in the osmometer and surrounding 
liquid as represented by the scheme: 


Nag Ser Ke 


Nate R= Ket le (j—-2 (4 ce—-x Cl- 
Cl C1 C2 C2 Keates © igs Nat c2—x+z2 
0 Bi tae @ 


equation (1) may be written in the following form: 


[Na +4 18 [K+]; (els C1 a c2 
[Nat] [K+] [Cl-k Ca, 


A computation of equilibrium concentrations gives the figures 
reproduced in Table XX VII. 


Sec. 74. APPLICATION TO COLLOIDS 207 


TABLE XXVII 


s cores 
C2 C2 
1 2 
10 11 
100 101 


74. Application to Colloids.—In the preceding discussions we 
were dealing with an electrolyte one ion of which could pass the 
membrane freely while the other was unable to do so. The further 
development of the theory, however, is entirely independent of 
these conditions. The theory is based on the fact that through 
some cause or other a difference in concentration is established on 
opposite sides of the membrane. Regardless of the cause of this 
difference in concentration, the theory leads to the perfectly 
general statement that the ionic products inside and outside the 
osmometer must be the same. 

Whenever we have in the osmometer a colloid in the presence 
of a peptizing electrolyte, the stabilizing ions are undoubtedly 
attached to the particles while the other ions move more or less 
freely in the intermicellar liquid (diffuse double layer). Moreover, 
part of the electrolyte is not adsorbed at all and will be distributed 
between the inner and the outer liquid. The case for which equa- 
tion (1) on page 204 holds is, therefore, present, although the 
substance involved (the colloidal micells) is by no means an electro- 
lyte of the Congo red type. 

Lors ? made numerous osmotic measurements, using the gelatin 
sol, and with the aid of a line of reasoning advanced by Procrer 
and Witson,® he compared the results obtained with the data 
derived from an application of DoNNAN’s theory. The agreement 
was obviously very good since his case was the one just mentioned. 
Loers inferred, quite erroneously, that his system belonged to the 
type exemplified by Congo red, 1.e., an electrolyte in true solution 
one ion of which—viz., the gelatin ion—cannot pass through the 
membrane. General objections to this view have already been 
developed. Here, too, we are justified in rejecting the conclu- 
siveness of the arguments in the field of osmotic measurements 
for the simple reason that the agreement with Donnan’s theory 


208 OSMOTIC PHENOMENA Sec. 75. 


holds just as well for a colloid in adsorption equilibrium with a 
peptizing electrolyte as it does for an electrolyte of the Congo red 
type.* 

75. Measurements.—From the preceding discussion it will be 
clear that little importance can be attached to measurements of 
osmotic pressure for the determination of the particle size. The 
unavoidable, ever-present quantities of peptizing. electrolytes and 
the resulting deviations from the law of vaAn’r Horr render any 
computation illusory, while, on the other hand, our knowledge of 
the concentration of the electrolytes present in solution is not 
always sufficiently exact to make possible a proper use of Don- 
NAN’s theory. The measurements of Ductaux,® Bivrz,® Lituin,’ 
and many others leave us completely in the dark with respect to 
the size of the particles in the sols. The methods discussed on 
page 175 will bring us to a knowledge of the size of the particles 
much sooner than will osmotic measurements, however important 
the latter may be for studying molecularly and ionically dispersed 
systems. 

Meanwhile, it may be well to mention at this point an example 
which has attracted considerable attention on account of the 
apparent agreement of results obtained by different methods. 
The substance referred to is haemoglobin. Linire derived a 
molecular weight of 16,000 from osmotic measurements. The 
empirical formula of haemoglobin is, supposedly, 


C75sH1203021sNi9s5S3Fe. 


Assuming that only one atom of iron occurs in the molecule, we 
find a value of 16,666 for the molecular weight. From the amount 
of CO which is taken up by hemoglobin, we find, on the basis of 
one mole of CO to one mole of the substance, a molecular weight 
equal to 16,721. Measurements of the constant of diffusion give 
the value of 20,000. Osmotic measurements by Roar led to the 
higher value of 32,000. 

Although these figures show concordant results insofar as the 
order of magnitude is concerned, the author is inclined to think 
that the agreement is a lucky coincidence. One has to bear in 
mind that the purely chemical facts involved may be equally well 
explained from the standpoint of adsorption phenomena, and that 
such explanations are more probable than those based on stoichio- 
metric relations of molecularly disperse systems. 


Sec. 76. MEMBRANE POTENTIALS 209 


Various investigators (Pautt, Lorn, et al.) have found that 
proteins, gelatin, etc., possess a minimum osmotic pressure at 
their iso-electric points. This is readily understood from the 
preceding paragraphs. Let us assume that the system gelatin + 
HCl has a Py of 4, for instance. Particles and double layer are 
then of the type represented by Fig. 93a, with a diffuse double 
layer of Cl ions; some of these move freely and take part in the 
osmotic equilibrium, for instance, a fraction, a, of their total con- 
centration c.. When equilibrium is reached the condition is as 
follows: 


Inside the osmometer Outside the osmometer 
gelatinJH+4+ Cl- Ht Cl- I ae lie 
Ce Ce a a 0) (0) 


According to the equation of the DoNNAN equilibrium, we have: 
(H]), X {[Cl + ac.} = [H]. x [Clh. 


For ac, = 0, the free HCl must be present in equal concentra- 
tion inside and outside, and hence the osmotic pressure must be 
that of the micells alone, viz., practically zero, which is the case at 
the iso-electric point (cf. Fig. 93b). The osmotic pressure falls 
from the low Py toward the iso-electric point. The same reason- 
ing applies when we start from higher NaOH concentrations 
toward the iso-electric point (cf. Fig. 93c); the osmotic pressure 
is again at its minimum value, or practically zero, when there is no 
double layer. The equation: [H]; x [Cl]; = [H]. X [Cl]. then 
indicates that [HCl]; is equal to [HCl]., and hence that the osmotic 
pressure due to the electrolytes present is zero. 

76. Membrane Potentials.—In Sec. 73 we saw that the osmotic 
equilibrium is established by means of an uneven partition of 
electrolytes between the liquids on the two sides of the membrane. 
As a result, there is a potential difference between opposite sides 
of the membrane. 

Let us imagine an osmometer in which there exists an equi- 
librium of the kind discussed in Sec. 73, with an uneven distribu- 
tion of the chlorine ions in the osmometer and in the outside liquid. 
On introducing two calomel electrodes, one into the osmometer 
and the other into the outside liquid, we obtain a concentration 
element consisting of two chlorine electrodes placed in solutions 
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having different concentrations of chlorine ions; hence we can 
apply the well-known formula of Nernst: 
Teil’ C1 
— nF log fp 
which gives us, quantitatively, the magnitude of the potential 
difference between opposite sides of the membrane. 

In general, it is possible to compute the potentials thus pro- 
duced. It is evident that added electrolytes affect these membrane 
potentials insofar as they change the concentrations of the ions 
involved. 

Witson, Logs, and others think that the differences in potential 
existing between the gelatin particle and the intermicellar liquid 
are of the nature of these membrane potentials. In other words, 
added electrolytes would alter the potential in accordance with 
the equations derived in Sec. 73 and in line with Nernst’s formula. 
This idea differs radically from the one expressed in Chapter 
XIII, in which the réle of capillary electrical processes was empha- 
sized. We are confronted here by the confusion between trans- 
verse potential differences, «, and tangential potential differences, 
¢, discussed in Chapter VI; hence, these membrane potentials 
cannot furnish an explanation for the electro-stability of lyophile 
colloids, a fact that was recently made clear by the last experi- 
ments of Lorn ® himself. 


77. Abnormal Osmosis.—A transport of liquid has repeatedly 
been observed to take place, between two liquids separated by a 
wall, in a direction opposite to the one expected on the basis of 
osmotic considerations. In such cases of ‘‘abnormal osmosis” 
there is a movement of liquid from the hypertonic toward the 
hypotonic liquid. It must be admitted that, as a rule, the mem- 
brane cannot strictly be called a semi-permeable wall; but, in the 
large majority of cases in which osmotic phenomena are considered 
by biologists, these scientists are not at all certain that the walls 
with which they are dealing are semi-permeable. The question 
arises: What is the origin of these counter-currents? 

Let M (Fig. 99) be a membrane separating two liquids, A 
and B. In this membrane are capillary openings, one of which is 
sketched in the figure. When dilute solutions of electrolytes are 
involved, a ¢ potential may be set up at the capillary wall, provided 
a closed electric current flows through the capillary. To this end, 
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it is necessary that the membrane be not an insulator, since the 
current must pass through. Generally speaking, the electromotive 
force of a concentration cell 

will be set up, as explained in A 


the preceding section. If this + 
E.M.F. is of such a nature ered 
that the hypertonic solution, 5 Tae a 
A, is positive with respect to pie 
the hypotonic solution, B, and He 
if, furthermore, the wall is By 


negatively charged with re- 

spect to the liquid in the Eo Ae 

capillary, there will occur an 

electro-endosmotic movement of liquid from the hypertonic 
toward the hypotonic solution. This phenomenon is called 
abnormal osmosis. 

In Chapter V we saw that capillary electrical phenomena in 
general, including electro-endosmotic movements, disappear when- 
ever the electrolyte concentration is sufficiently increased. For 
minute quantities, however, the ¢ potential is raised. Loxs 9 
observed the same behavior in the case of abnormal osmosis; and, 
what is more, the concentration of maximum electro-endosmosis 
often coincides with that of maximum abnormal osmosis. On the 
other hand, mere traces of ions like the Al+*++ ion, which in very 
small concentrations removes the ¢ charge, likewise eliminate the 
phenomenon of abnormal osmosis. 
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CHAPTER XVI 


GELS 

78. Gelatinizing.—Gelatinizing is a well-known phenomenon 
which may be readily observed with the aid of a gelatin sol. 
When, for instance, 4 g. of gelatin are dissolved in 100 cc. of water 
and then allowed to cool, it is noticed that the sol solidifies at room 
temperature to a solid gel. Gelatinizing, therefore, represents 
the solidification of the whole system, i.e., of both dispersion 
medium and dispersed substance, into one apparently homo- 
geneous, solid mass. Macroscopically, gelatinizing differs from 
flocculation by the fact that dispersion medium and dispersed 
_ phase solidify together, whereas flocculation shows a visible 
separation of the two. 

Agar-agar gelatinizes by a decrease in temperature in the same 
manner as gelatin; but, in addition to these phenomena of tem- 
perature-gelatinizing, there are others in which electrolyte-gelatinizing 
occurs, as with the sols of aluminium oxide, cerium dioxide, and 
silica. These sols gelatinize almost immediately on the addition 
of a sufficient amount of electrolyte. 

Table XXVIII gives the electrolyte concentrations required 
to gelatinize these three sols in a definite time. The criterion 
chosen is different, however, for each of the sols used. It is 
evident from the table that the necessary quantities are related 
to the valence of the oppositely charged ion; hence, there is, as 
far as the electrolyte action is concerned, a distinct parallelism 
between gelatinizing and flocculation. This fact at once suggests 
that gelatinizing may be merely the flocculation of strongly 
hydrated particles. In that case, we might represent the gel 
as a coagulum of hydrated particles which, moreover, hold a 
large amount of water enclosed between the coagulated flakes. 
The fact that gel formation occurs only with lyophile sols is 
brought out in a peculiar way with the aid of the sols of cerium 
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dioxide (CeOz). Two different kinds of sols can be prepared.4 By 
dialyzing ceriammonium nitrate (Ce(NO3)3-2NH4NO3-4H20), one 
obtains a sol that is strongly hydrated, as shown by its viscosity. 
The gelatinizing of this sol is indicated in Table XXVIII. When 
the sol is heated for some time at 100°, the relative viscosity at 
room temperature is lowered to about unity, and the lyophile 
character of the sol is apparently destroyed. The addition of 
electrolytes no longer causes gelatinizing, but results in ordinary 
flocculation. ; 
TABLE XXVIII 


Al,O3 1 CeO, 2 SiO, 3 
positively charged positively charged negatively charged 
Cone. in Cone. in Cone. in 
millimoles millimoles millimoles 
Electrolyte | per liter | Electrolyte | per liter | Electrolyte | per liter 
required for required for required for 
gelatination gelatination gelatination 
NAGI Berio 77 INGHBIRe 5 go's 5 Na Clin. sees. 100 
LCT meocrerere 80 Na ClO Rea 5 zNaSO,.... 100 
GSO 6 508 OF2 Sie Na Olean 3.5 BEKO o.0.0 dene 15 
K2C204 eee 0.36 NaSOu. Drecticrs (0) 155 
K;3Fe(CN)6.. . 0.10 | NasHPO,... 0.16 
K.Fe(CN)¢. . 0.08 


The question arises: Is not temperature-gelatinizing likewise 
a coagulation process, i.e., does not gelatinizing always consist in 
flocculation of hydrated particles? The answer to this query was 
found in an investigation by BACHMANN,? who studied the process 
of gelatinizing by means of the ultramicroscope. He prepared a 
2 per cent gelatin sol and allowed it to cool in the ultramicroscope. 
At first, he saw the well-known image of an emulsoid sol, but after 
a while he noticed the following phenomena: 

(1) At the outset, a diffuse light cone was observed, and only 
a few particles, apparently due to impurities of the sample, were 
visible. 

(2) After three hours, a peculiar scintillation occurred in the 
light cone, indicating the appearance of visible particles. 
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(3) Some time later, white submicrons in vigorous Brownian 
movement were plainly seen. 

(4) Gradually, the translatory motion of the particles decreased 
becoming more and more sluggish, obviously as a result of the 
increase in the size of the particles. 

(5) The particles became so large that the Brownian move- 
ment was limited to a swinging motion, translatory movements 
having apparently come to a standstill. 

(6) The whole field was filled with cohering particles without 
any motion. The gelatinized 
specimen, therefore, showed an 
image which was clearly dif- 
ferentiated from that exhib- 
ited by coagulated particles 
(see Fig. 100). 

It was thus demonstrated 
that the visible elements con- 
sist of submicrons and, possibly, 
in part of amicroscopic constit- 
uents. The light given off is 
clearly polarized; hence, we 
might say that the gelatin gel is 
formed by amicroscopic parti- 

Fia. 100. cles which have joined to- 

gether to form larger aggre- 

gates. These in turn might be distinguishable microscopically 
(BUTSCHLI). 

These observations of BACHMANN indicate, therefore, that the 
process of gelatinizing is accompanied by the union of primary 
particles into larger aggregates, which is in accord with the line 
of reasoning set forth previously for electrolyte-gelatinizing. One 
problem, however, remains unsolved: Although the sol coagulates 
when the temperature is lowered, while the stability factors are 
not purposely destroyed, it is not apparent how a decrease in 
temperature alone can remove both charge and hydration. 

On the contrary, it has been found experimentally that lower- 
ing of the temperature raises not only the viscosity but also 


the relative viscosity ; hence, hydration increases when the 


temperature decreases. Furthermore, an investigation by DE 
a 
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Jone © shows that gelatinizing is independent of any previous 
removal or non-removal of the electro-viscous effect, viz., of the 
electric charge. 

The process of gelatinizing has been investigated, for the most 
part, by studying 
the change in vis- 
cosity while the 
transformation 
from sol to gel takes 
place. As soon as 
gelatinizing begins, 1,75 
at a definite tem- 
perature, we notice 
achangein viscosity 1,70 


1,85 


1,80 


which increaseswith 

the time. Fig. 101 

h f poe 

shows, for an agar 50 100 150 200 250 
agar sol, the vis- Minutes 

cosity-time curves Fic. 101. 


at different tem- 

peratures. Above 40°, these curves run practically parallel to 
the time axis; at lower temperatures, we clearly notice an in- 
crease in viscosity with the 
time. We must, however, keep 

oa (2 T in mind that it is only in th 
My Vi Ly (S 
first stage of the process that 
viscosities can really be meas- 
ured, since the sol, on gelatin- 

izing, no longer follows the law 


a of PoisEUILLE (see p. 170). 
When the temperature of 
an agar-agar sol is lowered, for 
afew minutes, below 40° and 
then again raised above 40°, 
1,65 = : 


it appears that the viscesi 
has increased. The dotted line 
Fie. 102. in Fig. 102 indicates the proper- 

ties of such a modified sol as 

they vary with temperatures above 40°. It isseenin these cases that 


gelatinizing has permanently increased y. Thisisreadily understood 
. ie ps Sy ees ar —— J 


35 40 45 50 
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if it be assumed that the agglomerated particles have a larger active 
volume than the primary particles originally present. Deviation 
from the spherical shape plays a part, as does also the enclosed 
water, as is shown schematically in Fig. 103. The cross-hatched 
portion represents the water surrounding the particles, while the 
dotted line indicates the viscous active volume. Heating the 
agar-agar sol at 100°, the temperature at which these sols are 
prepared, brings about resolution into primary particles, as we 
have previously noted in the case of reversible colloids (cf. p. 11). 
The fact that a sol gradually increases in viscosity as gelatinizing 
takes place has led to the idea that the transformation from sol 
into gel is a completely continuous process. Such a concept, 
however, is a naive interpretation of the results of superficial 
examination. In the first 
place, elastic properties 
gradually enter into play 
in addition to the pheno- 
mena of pure viscosity. 
A gel, therefore, not only 
Fie. 108. has a high viscosity but 
also possesses elasticity, 
a property lacking in a sol. Furthermore, the researches of 
BacuMANN have shown that gels are formed by the agglomeration 
of primary particles into complex particles, so that even in this 
respect more has happened than is indicated by the simple expres- 
sion just mentioned. 

The process of gelatinization may be regarded in still another 
way, which suggests itself readily. In Fig. 102, we saw that 
hydration increases as the temperature decreases. One might, 
therefore, reason as follows: Gelatinizing takes place whenever 
the particles are so strongly hydrated that no more liquid water 
is available for the sol condition. Here, too, aoe are insuperable 
objections. If this conception were correct, a + per cent sol of 
agar-agar at 35° would contain all of its water as payee water, 
and at 41° we should have reached the limit of existence of such a 
sol. A 7 per cent sol of agar-agar, containing double the previous 
amount, could not possibly exist at 41°, which is contrary to 
experience. The relation between temperature of gelatinizing 
and concentration is remote; it does exist but it is too slight to be 
applied to the line of reasoning developed above. 
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The only satisfactory representation of gelatinizing is, there- 
fore, the one sketched previously: Gelatinizing is the agglomera- 
tion of hydrated particles which retain the remaining water inside 
‘the capillary spaces between them. This agglomeration occurs, 
for sols of the type of aluminium oxide, simply by electrolyte- 
flocculation, and is, consequently, irreversible; whereas in cases 
of temperature-gelatinizing, the process takes place reversibly in 
some manner as yet unexplained. 

With respect to this reversibility, it must be remarked, how- 
ever, that the temperatures of initial gelatinizing and of “melting” 
are never quite the same. For instance, a 4 per cent gelatin sol 
sets around. 28° and the resulting gel melts around 31°. For 
agar-agar these limits are much farther apart: gelatinizing takes 
place at about 40° and melting around 85°. 

BacHMANN’s work has brought out another highly important 
fact with regard to sols that are so dilute that they do not set to a 
gel. A gelatin sol of $+ per cent, for instance, does not gelatinize 
at room temperature. Ultramicroscopically, BacuMann found 
that these sols also passed through the three first stages mentioned 
before. The phenomenon came to an end, however, with a con- 
dition in which small flakes floated in the surrounding aqueous 
medium. This fact is in complete accord with the representation 
outlined above. The volume of the remaining water is so large 
that complete coherence of the particles is frustrated, and hence 
retention of this water within capillary spaces is necessarily out 
of the question. For this reason, it is well to remember that 
phenomena of gelatinizing may occur without any macroscopically 
visible gel formation. This point has already been stressed, 
on page 170. 

79. Classification of Gels.—The views developed in the preced- 
ing section regarding the structure of gels are of fairly general 
application even though the, individual gels differ considerably 
in properties. For practical reasons, it is desirable to classify 
the gels into two groups: (a) elastic (or swelling); and (6) non- 
elastic (or non-swelling). The phenomena of swelling will be 
discussed in detail in Sec. 82. When, for example, a gelatin gel is 
suspended in water it takes up water and increases quite notice- 
ably in volume. When the swollen gelatin is removed, it parts 
readily. with the absorbed water and shrinks. This change in 
volume on the addition or loss of water is not a property of all sols. 
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The gel of silicic acid, for instance, under certain conditions does 
not alter its volume when water is taken up or given off. A non- 
swelling gel is, therefore, one degree simpler than a swelling gel. 
Hence, in order to obtain a clear insight into the structure of gels, 
we shall, first of all, discuss the simpler case and consider the clas- 
sical exampie of the silica gel. 

80. The Silica Gel.—The gel of silicic acid has been for many 
years an object of investigation on account of the peculiar changes, 
both optical and tensimetric, which take place when it is hydrated 
or dehydrated. J. M. van BEMMELEN has carried out elaborate 
experiments on this gel,’ while in recent years the investigations 
performed in Zstamonpy’s laboratory have led to a good under- 
standing of VAN BEMMELEN’s results. 

When a silicic acid sol is allowed to coagulate, it forms a gel 
containing many times more molecules of water than molecules of 
silica. On placing such a gel in a desiccator over sulphuric acid, 
we find a gradual decrease in the water-silica ratio. Table X XIX 
gives an idea of the change in the outward appearance of the gel 
during dehydration. 


TABLE XXIX 


| 
Number of 
moles 
of water to Property of the Hydrogel 
one mole 
of SiO2 
40-30 Gel is so consistent that it may be cut 
20 Fairly stiff 
12 May be pulverized 
8 Somewhat elastic 
6 Apparently completely dry 
L 


When the water content has decreased still further, i.e., below 
6, the investigations become quite interesting. The results 
obtained by vAN BEMMELEN are reproduced schematically in Fig. 
104. The (water) vapor pressures with which the gel is in equi- 
librium are plotted, as ordinates, against the ratios of water mole- 
cules to silica molecules, as abscissae. The diagram is drawn for 
a temperature of 15°. The vapor pressure of water at 15° is 12.7 
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mm., as indicated by the horizontal line in Fig. 104. A gel rich in 
water is in equilibrium with water vapor having a pressure only 
slightly below the maximum pressure of 12.7 mm. When water is 
removed, the vapor pressure drops, following the curve WO. At 
the point O, which is called the first transition point, another 
peculiar phenomenon occurs. Whereas hitherto the removal of 
water has resulted in a slight diminution of volume, there is no 
further change in volume once the first transition point is reached. 
In the second place, when ‘the dehydration is continued beyond O, 
the decrease in vapor pressure is much less than before; and 
finally, the gel gradually becomes opaque, whereas previously it 
has been transparent. This clouding increases continually until 


Vapor pressure in mm. 


Moles of water per 1 mole of SiO2 


Fie. 104. 


the gel is as white as chalk. After that it becomes less and less 
turbid, so that when the point O01, the so-called second transition 
point, is reached, the gel is again perfectly clear. On continuing 
the dehydration by placing the gel successively over more and 
more concentrated acid, we follow the curve 0,02. The small 
amount of water which is retained at Oz cannot be driven off at 
lower temperature but requires ignition for its removal. When 
the dehydration is followed by a rehydration by placing the gel 
successively in desiccators containing more and more dilute 
sulphuric acid, we retrace, at first, the curve 0201, which is thus 
seen to be reversible. From the point 01, on, however, the vapor 
pressures follow another curve, viz., 0103, which lies entirely above 
the curve 0,0. Further hydration, from O3 on, causes a rapid 
increase in vapor pressure until the maximum pressure is reached 
(at Os). If we then dehydrate again, we pass along the path 
0403001, while the return route is indicated by 01,0304. If the 
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rehydration were interrupted at a point B, and followed by dehy- 
dration, we should get the path BA. 

This shows the strange cycle in the course of the vapor pressure 
of the silica gel. One series of curves is followed on dehydration 
and another set on rehydration, while only the short stretch 0:02 
is reversible. 

The credit for having explained these phenomena and thus 
having considerably extended our knowledge of gels belongs to 
ZsiamMonpy® and his pupils. They repeated vaN BEMMELEN’S 
classic experiments in an improved apparatus,® confirmed most of 
his work and, furthermore, explained the facts in the following 
manner. 

BACHMANN’S investigation, discussed in Sec. 78, indicated that 
a gel consists of amicroscopic and submicroscopic constituents. 
A network in which there are only ultramicroscopic capillaries can 
be perfectly transparent since the discontinuities are smaller than 
the wave length of the light. It will only give rise to a TYNDALL 
effect, as is actually the case for gels. The assumption of vAN 
BEMMELEN (and previously of BiTscHtt) of a microscopically visible 
honeycomb structure had already been proved to be erroneous 
by the fact that gels are discontinuous and yet perfectly clear. 

Let us see what happens at the first transition point. Before 
this point is reached the capillaries are filled with water; but at O, 
where dehydration no longer involves a decrease in volume, any 
further removal of water must necessarily bring about evacuation 
of the capillaries. The latter are filled with water under high 
capillary pressure. The vacuoles resulting from the removal of 
water appear, on microscopic examination, to originate, not at the 
outer edge of the gel but on the inside: water is continually sucked 
through the capillaries toward the outside and vacuoles or air 
bubbles are formed in the interior, as indicated schematically in 
Fig. 105.19 These vacuoles soon reach such dimensions as to be 
microscopically visible; hence, discontinuities greater than the 
wave length of light occur and the gel becomes opaque. That 
the opacity is due to air bubbles is proved by the fact that we 
actually see the escape of the gas when the gel is immersed in 
water. 

On continuing the dehydration, we empty the capillaries more 
and more, so that at the second transition point they are com- 
pletely filled with air, apart from the moisture adsorbed by their 
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walls. Thus we have, once more, a system with only ultra 
microscopic discontinuities. The resulting gel is again perfectly 
clear. The difference between 
the state of the gel at O and at 
O; is that in the former case the 
capillaries are filled with water 
and in the latter they are filled 
with air. 

Dehydration beyond the point 
O; removes the water adsorbed 
by the gel walls. This is a re- 
versible process and gives to the 
curve 0,02 the character of an 
adsorption isotherm. 

Let us now discuss the process 
of rehydration. Starting from 
Oz, we move reversibly along the 
adsorption isotherm. Beyond Og 
the capillaries gradually become filled with water. It remains 
to be explained why the vapor pressure is now greater than before 
(during dehydration). There is, in fact, one more question to be 
answered: Why is the vapor pressure of the water-filled gel not 
equal to, but lower than that of pure water? These two problems 
have been solved by Zstamonpy by following out one line of 
reasoning. 

It will be remembered (see p. 15) that small drops have a 
greater vapor pressure than large ones. In general, the vapor 
tension of a curved surface differs from that of a level surface 
according to the following formula: 


Fie. 105. 


A op 
ie id Peden ale 

in which Ap represents the difference in vapor tension between the 
curved and the flat surface, d, and dp are the densities of liquid 
and vapor, o is the surface tension, and R& the radius of the curved 
surface. When R is positive, the vapor pressure is increased, as 
for instance, with drops; when R is negative, there is a diminution 
of vapor tension. This happens when a liquid is placed in a 
capillary, as represented schematically in Fig. 106qa. 
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We saw previously that the gel has a sponge-like structure 
with ultramicroscopic capillaries. In each of the capillaries 
located on the periphery, the water meniscus is concave toward 
the vapor. This hollow meniscus in the gel capillaries accounts 
for the fact that, in the experiments illustrated in Fig. 104, the 
vapor pressure is lower than 12.7 mm. whenever the capillaries are 
filled with liquid in contact with vapor. 

At the point O the condition is reached where the gel attains its 
definitive form. Between W and O the gel is still subjected to 
pressure: capillary forces exert 
an outward pull on the water in 
the capillary (see Fig. 106a) and 
a corresponding pressure in the 
opposite direction on the walls; 
hence, the contraction of the 
gel goes on from W to O, until 
at O the gel is in its final 
form. The capillaries are then 
filled and the vapor pressure 
has the value indicated by the 
aboveequation. Atthestart this 
pressure remains fairly constant, for the reason, previously dis- 
cussed, that the capillaries on the periphery remain filled and 
vacuoles are formed only inside the gel. This explains the slight 
slope of the curve to the left of O. 

The higher vapor pressures on rehydration are due to the fact 
that during this process the meniscus in each capillary is less 
curved than in the preceding dehydration. It is well known that 
the meniscus with which a liquid adheres to a dry wall is less 
curved than it would be if the wall had been moistened beforehand. 
This state of affairs is sketched in Fig. 1066. A meniscus with 
greater radius of curvature raises the value of R and hence causes 
a smaller lowering of the vapor pressure; in other words, the 
vapor pressure is higher than before. Once the point Os is reached, 
the capillaries are completely filled and the addition of more water 
leads to the formation of a film of water around the whole gel. 
Immediately the vapor pressure of a strictly horizontal water 
surface is attained (at the point O04). 

From the lowering of the vapor pressure, ZstGMoNnpy and his 
pupils calculated the numerical value of the radius, R. On the 


Fig. 106. 
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iassumption that the relations are those expressed in Fig. 105, the 
computation immediately gives the diameter of the capillaries, 
which is equal to 2k. It was found that the capillary diameter 
for the silica gel is approximately 5 mu. 

From the observed vapor pressures ANDERSON !! calculated 
the diameter of the pores for liquids other than water. His 
results are given below: 


2g TOE Water 7 den cee 5.20 my 
LOM alconoles acu: 5.08 mu 
for benzene..... 5.58 my 


This excellent agreement is a strong support for ZsIGMONDY’s 
theory. !? 

Knowing that the capillaries in the silica gel have a diameter 
of about 5 my, we can compute the capillary rise from the formula: 


For water, this amounts to several kilometers, which confirms 
our supposition as to the enormous force with which the water is 
sucked into the capillary pores. 

The changes in Fig. 104 which result from the use of aged 
silica gels have been the subject of some interesting experiments, 
hydrophane 
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Figure 107 indicates the sense in which these changes take 
place. The extreme limit is shown by the curve for hydrophane, 
which is a form of silica that occurs in nature. It is apparent 
that the capillaries have slowly disappeared, and hence the curve 
for the oldest silica follows a course which almost coincides with 
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the isobar for a level water surface. The reason for this is, no 
doubt, the instability of the colloidal structure. Réontgenographic 
research has shown that freshly prepared silica gel is hardly 
crystalline, but that as time goes on, there is gradually developed 
a regular orientation, which is obviously due to the progressive 
arrangement of SiOz molecules into crystal lattices; hence, the 
capillaries and the concomitant phenomena disappear. 

Nowadays the silica gel plays an important part as an 
adsorbent (PaTrick). From the preceding discussion it is obvi- 
ous that the dried silica gel has a large surface development, 
which is a prerequisite for an adsorbent. As a decoloring agent 
dried silica gel has lately found numerous applications. 

81. The Gelatin Gel.—A gelatin gel differs from the silica gel 
discussed in the preceding section, by the absence of a final state 
corresponding to the point O in Fig. 104. This is due to the con- 
tinued shrinkage of the walls of the gelatin gel while the water is 
oeing: more and more completely removed. ‘The silica gel at the 
ynoint O has rigid walls, while the gelatin gel has supple walls. 
The cause of this elasticity is most probably the occurrence of 
water not only inside the capillaries but also in the walls of the 
pores. A distinction must be made, therefore, between the water 
adsorbed by the walls and the imbibed water which fills the pores. 
In computing, for the gelatin gel, the capillary diameter from the 
lowering of the vapor pressure, one does not find constant values 
but figures that decrease continually. Furthermore, different 
values are obtained, depending on the liquids dispersed in the gel. 
Nevertheless, there exists a relationship between the vapor-tension 
experiments on gelatin and those on silica gels, but in the former 
case the phenomenon is complicated by the pliability of the 
capillary walls.+* 

The continued deformation of the walls of the gelatin gel is 
closely connected with the well-known fact that many gels increase 
their total volume when they imbibe liquids. This phenomenon 
is called swelling. 


82. Swelling.—When a dry gel is placed in a closed space and 
covered with a liquid, for instance, water, it may happen that the 
water is taken up with great intensity. A time-honored method of 
splitting the trunk of a tree consists in placing dry peas in a cavity 
of the trunk and then pouring water over them. The swelling 
peas split the wood with great force. 
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The process of swelling is, therefore, distinguished at once by 
two features: increase in volume, and pressure of swelling. 

With regard to the former we must, however, qualify our 
statement. By an increase in volume is meant, generally speak- 
ing, the difference in fotal volume of all the participants before 
and after the process. The volume change that occurs when 
ammonium chloride is dissolved in water is not the difference 
between the volume of the solution and that of the water but the 
difference between the volume of the solution on one hand and 
the combined volumes of water and salt on the other; hence, the 
observation of the increase in volume of a gel immersed in water 
cannot be interpreted by saying that the process of swelling takes 
place with an increase in volume. The two things to be compared 
are the swollen gel and the dry gel plus water. This comparison 
leads to the inference that the process of swelling is characterized 
by a decrease in volume. This fact in itself is quite obvious: 
whatever the nature of swelling may be, at any rate, the fact 
remains that water is forced into capillary spaces and, as we have 
seen on page 15, increase in surface brings about compression of 
the dispersed phase. 

Concerning the influence of pressure on the process of swelling, 
a clear distinction must be made: If gel and liquid are compressed 
together, an increase in pressure, according to the theorem of 
van’T Horr-Le CHATELIER, will favor the process that involves 
a decrease in volume; hence, wnzform pressure increases swelling. 
In general, however, we study something different: The pressure 

- of the swelling gel is measured in such a way that the mobility of 
the water is maintained. We are then dealing with a non-uniform 
pressure, and, since the gel swells with increase of volume, this 
one-sided pressure will hinder the process of swelling. 

The latter is, indeed, an equilibrium process '* in the sense that 
by exerting a non-uniform pressure on the swelling gel we can 
prevent further swelling. If the pressure applied is lower than the 
pressure of swelling under the given conditions, the swelling 
proceeds until both pressures are equal. If, on the other hand, the 
pressure exerted exceeds the pressure of swelling, water is squeezed 
out of the gel until the pressures are again the same. 

It thus becomes apparent that small amounts of imbibed 
liquid correspond to large pressures of swelling and, conversely, 
that large quantities are taken up under small pressures of swell- 
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ing. Posnsak !© studied this relationship with the aid of an 
apparatus which is schematically represented in Fig. 108. 

A porous pot, A, is attached to the glass tube, C, by means of 
the cement, B. The tube is closed by the cap, D, and connected 
to a graduated capillary, HZ, through which pressure can be exerted 
on the system in C by means of compressed gas in the cylinder, F. 
The gas pressure is read on the manometer, M. 

PosnsAkK investigated, first of all, the swelling of raw Para 
rubber in different organic liquids. For this purpose he introduced 
a small disk of rubber through the tube, C, where it fell on the 
porous bottom, Mercury was poured into the tube until the 
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latter was completely filled and the attached capillary partly 
filled. The porous pot was then placed in a beaker containing an 
organic liquid. The swelling of the rubber disk, caused by the 
liquid entering through the porous pot, was read by observing the 
displacement of the mercury in the capillary, EF. Moreover, the 
gaseous pressure necessary to prevent the movement of the mercury 
could be readily determined, and in this way the pressures cor- 
responding to different degrees of swelling were measured. 
Posnsak’s results are reproduced graphically in Fig. 109. 
The abscissae indicate the amounts of organic liquid taken up by 
the rubber, expressed by the ratio of grams of liquid taken up to 
grams of rubber. The ordinates represent the corresponding 
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pressures of swelling in millimeters of mercury. The different 
curves relate to the liquids mentioned in the legend. 

A careful examination of any of these curves confirms 
PosnsAK’s statement regarding the relation between the amount of 
absorbed liquid and the pressure of swelling. For ethylene chloride 
for instance, the pressure reaches over 7 atmospheres when the 
rubber contains one and a half times its own weight of absorbed 
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liquid. Posnsak could not extend his experiments to higher 
pressures because the porous pot was unable to withstand them. 
The general run of the curve shows clearly, however, the enormous 
pressure of swelling for the amount of liquid absorbed at the start. 

Another thing which strikes us in examining Fig. 109 is the 
fact that the curves run practically parallel; hence, there is nothing 
specific about the behavior of these various organic liquids in the 
process of swelling. FREuNDLIcH points out that the following 
empirical equation applies: 

P = Pyc’: or log P = log Pi + kloge, 

where P is the pressure of swelling, c the concentration of the rub- 


ber in the swollen gel, P; the value of P for c =1, and k a constant. 
The logarithmic curves are all straight lines running parallel to 
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each other, since the value of the exponent k is the same for all. 
It appears also that k does not differ to any great extent for various 
gels. Whereas for rubber in a number of organic liquids k varies 
between the limits 2.5 and 3.3, Posngax finds, for the system gela- 
tin + water, the value 3.1. 

The nature of the process of swelling has not yet been deter- 
mined with certainty. Nevertheless, the facts set forth in the 
preceding sections suggest that swelling is primarily caused by 
capillary suction in the gel (see p. 222). This pull can, as we 
have seen, amount to several kilometers of water pressure. For 
elastic gels such as gelatin, the inward suction causes a lateral 
pressure on the walls of the capillaries. The walls give way and 
at the same time take up liquid. The narrower the pores and the 
greater the capillary pressure, the more pronounced will be the 
pressure of swelling. 

Katz '® has made a Réntgenographic study of the change in 
the elementary cube in swelling threads. From his investigation 
the impression is gained that this unit remains unchanged, but 
that the constituents move further apart. This agrees well with 
the explanation given above. 

The process of swelling has been studied more frequently under 
ordinary pressure than under a non-uniform pressure as applied 
by Posnjak. 

A number of gels possess the property of swelling to a certain 
limit, the so-called maximum of swelling, while others swell con- 
tinuously until the whole system is completely liquefied, as is the 
case with gum arabic. This maximum of swelling, then, appears 
to be the extreme limit to which the framework of the gel can be 
distorted, the limit depending, of course, on the temperature. A 
gelatin gel seems to show a tendency in this direction, but a careful 
investigation made by Artsz!7 
showed that the swelling of 
gelatin as a function of the 
time cannot be expressed by 
a curve with a_ horizontal 
part, as sketched in Fig. 
110, but follows the dotted 

Fig. 110. line. It appears, therefore, 
that there is some tendency 
toward a maximum of swelling but that another process allows a 
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slow continuation of the swelling. It is probable that we are 
dealing with an alternate filling of capillaries and increase of 
elastic limit resulting from the continual absorption of water by 
the walls of the pores. 

Most investigations on swelling have been performed by 
immersing plates of some substance, such as gelatin, in various 
liquids, and determining at definite intervals their increase in ° 
weight. Such experiments have been made by Hormersrerr,}8 
Wo. Ostwatp,!® and others. 

The effect of aqueous solutions of electrolytes has been most 
extensively studied. Lons,?° in recent years, performed a number 
of careful experiments on the influence of the hydrogen-ion con- 
centration on the swelling of gelatin. 

In dealing with these investigations we must, however, dis- 
tinguish between two different methods of attack. Some of these 
workers studied the effect of an added acid by suspending a plate 
of glue, which is a gel of glue + pure water, in solutions of dif- 
ferent concentration, while others first introduced acid into the 
gel and then allowed the gel to swell in water or solutions of acid. 

Lors applied the latter method and obtained results which are 
reproduced graphically in Fig. 111. We notice that a minimum 
of swelling occurs at the iso- 
electric point (see p. 195). Both 
increase and decrease of the hy- 
drogen-ion concentration favors 
the swelling. Following the idea 
of Witson, Lors tried to explain 
this phenomenon on the _ basis 
of the Donnan equilibrium, by 
considering the gel contents as the 
liquid within an osmometer and Pr 
the liquid in which the swelling AEE 
occurs as the outside liquid. In 
this way he succeeded in obtaining a Semi-quantitative agreement 
between theory and experimental results. 

Hormeisrer and Ostwa xp followed the first-mentioned method 
and recognized the comparatively complicated effect which neutral 
salts exert on the swelling. In general, it may be stated that the 
order in which salts influence the process of swelling is the one 
indicated by the lyotropic series of cations and anions; viz., if, for 
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instance, the CNS ion greatly enhances the swelling, the SO4 ion 
will reduce it to a large extent. For this reason the lyotropic 
series is also called the Hormetsrsr series. Loxrs considered the 
whole phenomenon as the result of the influence exerted by the 
salts on the hydrogen-ion concentration. Without denying this 
effect, the present writer wishes to emphasize the specific influence 
of this ionic series both here and elsewhere (see pp. 183 and 235). 
To his mind, a change in hydrogen-ion concentration cannot 
possibly explain the phenomenon. P 

83. Syneresis.—The converse of swelling is represented by a 
phenomenon which is usually called syneresis. It appears as a 
separation of water from the gel. When, for instance, a gelatin 
sol is allowed to gelatinize, a solid mass of gel is obtained, which 
on standing contracts and squeezes out liquid. The amount of 
aqueous liquid increases continually while the gel shrinks more 
and more. The phenomenon is also noticeable in the case of a 
swollen plate of gelatin where small droplets appear on the surface. 
In some cases of electrolyte-gelatinizing, syneresis is quite strik- 
ing. When an electrolyte is added to a CeOz sol, the resulting gel 
forms a lump which fills the container completely. The gel soon 
contracts, and after a few days only a very small piece of gel is 
left in the surrounding aqueous liquid.?! 

In the last-mentioned case, what happens is probably this: 
Gelatinizing is, as was previously explained (cf. p. 214), the 
flocculation of strongly hydrated particles in the form of a coherent 
mass of gel. Flocculation, however, need not be complete, and 
this coagulation may only represent the first link in the chain of 
consecutive changes. FREUNDLICH and ScHucutT,?” as well as 
Haase,”* have shown that the size of the particles in flocculated 
suspensoids increases continuously. Apparently the same thing 
happens in the case of the CeOz sol. The water that is thus 
expelled from the pores of the gel represents the syneresis water. 
A similar progressive increase in the size of the particles may 
possibly occur with the gel of agar-agar. Here, too, an expulsion 
of the water in the pores takes place, giving rise to the phenomenon 
of syneresis. 

84. Optical Properties of Gels.—In the preceding sections some 
reference has been made to optical properties of gels, insofar as 
transparency and TYNDALL effect were concerned (see pp. 213-214). 
There is, however, one property which has been much studied and 
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therefore deserves a separate discussion, viz., the double refraction 
that occurs under certain conditions. 

It has been shown that the V20s5 sol exhibits the phenomenon 
of double refraction (see p. 1383), which, however, is not noticeable 
as long as the location of the particles is haphazard. Orientation 
of the sol particles in parallel lines at once produces double refrac- 
tion. This phenomenon, therefore, must be ascribed to “individual 
double refraction” of the constituent particles. 

A piece of plate glass bent in one direction becomes double 
refractive. The same is true of fibrous alumina, which in itself 
does not consist of double-refracting particles but is composed of 
non-spherical constituents. These may become oriented in the 
same direction and thus give rise to double refraction. AMBRONN 74 
found that this double refraction depends on the difference in 
refractive index of the particles and the surrounding medium. 
Hence, this so-called ‘‘double refraction of small rods” can be 
eliminated by choosing a medium that has the same index of 
refraction as the particles. 

On examining the double refraction of gels, we note that 
unilateral deformation of a gelatin gel or of a celloidine gel causes 
double refraction. Either of the two above-mentioned types of 
double refraction is conceivable. It might be possible that bend- 
ing produces lines of force along which rod-shaped particles orient 
themselves in the manner of the particles in the V2Os sol. The 
second possibility is that the existing particles of the gel possess a 
double refraction of their own. 

A remarkable study in this direction was made by AMBRonn.?° 
A cube-shaped piece of cherry gum appeared to become double 
refractive when compressed, but this double refraction changed 
gradually with time, while the pressure remained the same. This 
points to a slow adaptation of the particles, and it may be 
inferred that both phenomena occur, viz., individual double 
refraction and double refraction caused by rod-shaped particles. 
When the pressure is released these two double refractions are 
restored successively. 

An exhaustive study of WAcuTLER 2° showed that both kinds 
of double refraction also play a réle in gels of celloidine. This was 
proved by immersing the gels in liquids of gradually increasing 
refractive indices. 

Réntgenographic investigations,?’ furthermore, have brought 
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out the fact that many gels have a crystalline structure, so that 
the surmise of an individual double refraction is well founded. 
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PART IV 


Special Cases 


CHAPTER XVII 
SPECIFIC COLLOIDS 


85. Cases Intermediate between Suspensoids and Emulsoids.— 
Hitherto we havesharply distinguished between lyophile and 
lyophobe sols. It is obvious that in reality we often meet with 
cases which do not belong wholly to either of these two types. 
Nevertheless, we do well to make theoretical distinctions at first, 
and later to compare the more complicated reality with the extreme 
cases. 

Heretofore we have assumed that the electric charge is a 
measure of the stability of suspensoids, while both charge and 
hydration are determining factors in the case of emulsoids. If 
this were so, the flocculation of a suspensoid sol would depend 
solely on the valence of the oppositely charged ion and not on its 
lyotropic position. The latter would exert its influence only on 
emulsoids. A careful examination of Table VIII (p. 68), which 
gives the flocculation values for the typical AseS3 sol, shows, 
however, that although the limiting values for different electro- 
lytes are undoubtedly primarily dependent on the charge of the 
cations, there is unmistakable evidence of a slight lyotropic effect. 
In fact, the order of the flocculating values for a series of cations 
of the same valence is found to be: 


Li>Na>K 
and 
Mg>Ca>Sr. 


This lyotropic effect, which is barely evident in Table VIII, 
comes more strongly to the fore in the case of some other sols. In 
the following table are found the first flocculation values, Le., 
the concentrations of electrolyte producing the first turbidity, for 
the sols of Moz0O5 and V20s5.!_ Although the effect of the valence 
of the cations can still be recognized (both sols are negatively 
charged), the enormous influence of the lyotropic series is quite 
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manifest. Remembering that these sols give jelly-like precipi- 
tates, and further, that a sol of V2Os5 readily sets to a gel which 
greatly resembles that of AlgO3, we are inclined to link this behay- 
ior with a possible hydration of these particles and thus establish 
a case intermediate between suspensoids and emulsoids. An 
argument in favor of this consideration is found in a recent investi- 
gation showing that the addition of alcohol to the sol strongly 
represses the effect of the lyotropic series on the flocculation 
value.? Hence, a removal of hydration, reduces the lyotropic 
influence, 


TABLE XXX 


First FLoccuLaTion VALUES 


Electrolyte Mo,0; sol. 


The author does not believe, however, that this is an adequate 
solution of the problem. If it were merely a matter of hydration, 
one would expect the strongly hydrated lithium ion to be a better 
flocculating agent than the slightly hydrated potassium ion, 
whereas the reverse is true. On page 184 the lyotropic effect was 
ascribed to two factors: viz., the hydration of the ions and the 
change in the molecular state of the water. Later investigations 
and recently proposed theories have connected the lyotropic 
influence with a third contributing factor. The water molecules 
influenced by the ion and forming, as one might say, the hydrated 
water of the ion, are probably oriented polarly in the manner 
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depicted schematically in Fig. 112. A water molecule is here 
represented as a triangle with the hydrogen ion at one corner 
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while the OH ion forms the base. A cation will fix the dipoles of 
water in such a way that the negative side of the water is turned 
toward the ion and the positive side away from it. The strongly 
hydrated lithium ion, therefore, causes a very pronounced orienta- 
tion. A negatively charged colloidal particle likewise orients the 
surrounding water molecules, but in the opposite direction; hence, 
strong hydration causes an orientation of the water molecules 
diametrically opposed to that of the water molecules surrounding 
the colloidal particle, and we have a contrast which opposes 
codperation. 

Lyotropy, therefore, is probably not a hydration pure and 
simple, but one that orients the dipoles of water. This explains 
at once why, in the case of proteins, the lyotropic series are reversed 
when the charge of the protein changes from positive to negative.? 
Here, too, the similar or dissimilar location of the hydrated water 
determines the order of the lyotropic phenomena. 

Another example, of the same type as the oxide sols referred to 
above, is the sulphur sol. Its flocculation values are presented in 
the accompanying table. We notice again that, although the sol 
is negatively charged, a certain lyotropic effect, at least in the case 
of monovalent cations, is unmistakable. 

However, not all sulphur sols belong to this type; on the one 
hand, we have sols prepared from sulphur dioxide and hydrogen 
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sulphide or from thiosulphate and an acid; on the other hand, 
there are sols, made by dissolving sulphur in alcohol and pouring 
this alcoholic solution into water. The first-mentioned sols, which 
are all grouped under the term Op&n’s sols, show the behavior 
illustrated in Table XXXI, The other kind, prepared according 


TABLE XXXI 


FLOcCULATION VALUE, S Sou 


Electrolyte Flocculation 
value 
iClear 750 
NaCl. 190 
KGa cere 85 
RbCl... 80 
GsC lesa ea ete 95* 
MgCl. 1 % 5 
CaCl, Se Seca oe 1 5 
BaCl. ee roar, Rae abe 5 
CeCl;. 4 0.06 
| 


Ll 


* It is not clear why the value for Cs is a little too high. 


to the method of von WrIMARN, possesses a normal suspensoid 
character. FREUNDLICH and ScHoutz* found that the double 
layer in the case of OpE=N’s sols consists of pentathionic acid (cf. 
p. 101). This acid enters into the reactions referred to, either as 
a by-product or as an intermediate compound. ‘This thionic 
acid seems to be responsible for the peculiar character of the 
Op&n sol, since it is closely related to the sulphur particle, owing 
to its sulphur content. It is also strongly hydrophile and therefore 
gives to the sol its pronounced hydration. The latter property 
has been definitely established by viscosity measurements.® 
Furthermore, the Opin sol is rich in amorphous sulphur, Su,® 
while the sol prepared according to the method of von WrmmMarNn 
contains mainly crystalline sulphur, SX. Following the method of 
indicating the structure gis Suaaed on page 101, the Day sol must 
be represented as follows: SsOe—— 


Evidently, we have here again a connection between the hydra- 
tion of the sol and the effect of the lyotropic series on the floccula- 
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tion values. The sols hitherto discussed are, moreover, character- 
ized by the fact that flocculation can occur more or less reversibly. 
The Op&n sol shows this property to a great extent. The addition 
of an electrolyte to the sol produces flocculation, but a subsequent 
dilution with water is sufficient to dissolve the precipitate. Opin 
has made use of this property to purify his sols. Having found 
that the limiting value is a function of the size of the particles, he 
has been able to separate his sols in fractions of definite particle 
size by means of fractional precipitation. 

The sols of Mo2Os5 and V20s5 are likewise reversible in the 
sense that the coagulum obtained by centrifugal separation can be 
redissolved after one or more washings.! This renewed peptiza- 
tion is most readily performed in case the sol has been flocculated 
by a small excess of a monovalent cation with slight flocculating 
power. When precipitation has been brought about by a large 
excess of electrolyte or by a sudden addition of polyvalent cations, 
repeated peptization occurs only after prolonged treatment with 
water, and sometimes there is no peptization at all. The same is 
true of sulphur, where electrolytes that flocculate strongly hinder 
the re-formation of the sol.® 

We naturally look for a connection between reversibility and 
hydration. The latter is, as we have seen, a stability factor but is 
not in itself sufficient to insure stability. A small electric charge 
is also necessary. Moreover, hydration interferes with the final 
destruction of primary particles, so that washing of the coagulum 
soon after precipitation raises the charge of those particles that 
have not yet coagulated, and in this manner a re-formation of the 
sol is made possible. 

The positively charged iron oxide sol, discussed on page 72, 
also shows unmistakable lyotropic phenomena. Table XI, page 
72, indicates that the order of the flocculating monovalent ions is 
as follows: I>NO3 and Br>Cl. Here, too, there is a reversibility 
resembling that previously considered, as found, years ago, by 
Linper and Picron.’ Especially concentrated sols of iron oxide 
exhibit a marked reversibility. FRreEuNDLIcCH and RosmnTHAL § 
observed that a coagulated sol of iron oxide is returned to the sol 
condition by simply shaking the container. On standing, the sol 
again gelatinizes.* It was found, furthermore, that this gelatiniz- 
ing has the character of flocculation and hence may be considered 


* This phenomenon has been called thixotropy. 
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as a reversible flocculation.. The close connection of these floccu- 
lation phenomena with gelatinizing comes repeatedly to the fore in 
the discussion of the sols mentioned in this section (see p. 212). 


86. Soaps.— Whereas in Sec. 85 we considered colloidal solu- 
tions combining the properties of suspensoids with those of 
emulsoids, we find that a soap solution is one combining the state 
of a true solution with that of a. colloidal solution. By a soap 
solution we mean, in daily life, a solution with washing properties. 
We shall see presently that these properties are very noticeable in 
the alkali salts of the higher fatty acids. It is a remarkable thing 
that only those fatty acids which contain more than 12 carbon 
atoms in their molecule yield solutions that exhibit the peculiar 
properties of capillary ® and electrical !° nature which are connected 
with common soap solutions. Of the salts referred to, the sodium 
and potassium salts of oleic acid, stearic acid, and palmitic acid 
are the ones that have been most frequently studied. 

In alcoholic solutions, soaps behave like substances in true 
solution.1! The aqueous solution acts in such an extraordinary 
manner that the older investigations give a rather confusing idea 
regarding the structure of these systems. Modern researches, 
particularly the excellent experiments performed by J. W. 
McBain ?” during the past ten years, have considerably broadened 
our knowledge in this field. 

If we study the structure of a soap solution by measuring the 
elevation of the boiling point (the method of the dewpoint deter- 
mination has been found to give the best results), we can compute 
the activity coefficient, 7, according to the formula of van’r Horr. 
The value of 2 for soap solutions appears to be less than unity. 
At first view, one might infer that electrolytic dissociation is, 
therefore, out of the question, since where this occurs 7 is of course 
more than unity. This conclusion, however, does not agree with 
the fact that a soap solution conducts the electric current exceed- 
ingly well. 

It has, for a long time, been customary to ascribe these peculiar 
properties of soap solutions to hydrolysis. The hydrolytically 
separated fatty acid or acid salt of fatty acid would then be osmotic- 
ally inactive, and only the alkali formed by hydrolysis would be 
responsible for the rise in boiling point and the electrical con- 
ductanece. McBatn’s researches showed, however, that the con- 
centration of the free OH ions in these solutions is comparatively 
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small. Disregarding the possibility that hydroxyl ions are 
adsorbed,'? we must conclude from this fact that hydrolysis plays 
an insignificant réle in the soap solution. 

The results of the determinations of dewpoint and conductivity 
can only be reconciled by the assumption that we have simulta- 
neously electrolytic dissociation and colloid formation. A value of 
7 in the neighborhood of unity results from the compensation of 
these two factors. It is quite obvious that part of the soap is in 
true solution. The more dilute the solution, the greater the 
percentage of soap in true solution. The only question is: In 
what form is the colloidal constituent present in the soap solution? 

McBarn thinks that this colloid exists in two forms: one part, 
which he calls neutral colloid, consisting of undissociated soap 
molecules; and another part, peculiar to soap solutions, viz., 
ionic micells. These are presumably aggregates of acid anions 
forming one polyvalent anion in equilibrium with a corresponding 
number of free alkali ions. The osmotic properties of the solu- 
tion are then wholly due to the slight quantity of soap in true 
solution and to the alkali ions of the ionic micells. The remaining 
constituents are practically inactive osmotically. 

It appears to the writer that this dualistic representation is 
superfluous. The colloidal constituent can be considered wholly 
in accordance with the ideas previously developed in connection 
with protein systems (see p. 193). A colloidal soap particle con- 
sists probably of a nucleus of salt molecules, only those on the 
outside being ionized and taking part in the formation of the 
electric double layer. Furthermore, these particles no doubt con- 
tain the small amount of free fatty acid due to the slight hydrolysis. 

The diffuse outer coating of the double layer contributes to 
the osmotic effect, as was also previously indicated on page 208. 
All the data obtained by McBain can be readily explained on the 
basis of this simple conception. Miss Larne “ has carried out 
electrical transference measurements on soaps, which are in com- 
plete accord with those of Varca and WInTGEN, discussed in 
detail on page 104. 

The colloidal constituent of soap solutions may be represented 


by: 


NaX 


eet Ole 
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where X stands for the fatty acid radical. Hence, we have in a 
soap solution the following participants: 


Nax 


a a3 oS ae = 
Na Xs Nate Nae Ord HX 


10 |X- + Na+ (or HY. 


Another peculiarity of soap systems is the behavior of solidified 
sols. The investigations of McBain !° have shown that there are 
two things to be considered here, viz., the setting to the state of 
gel and the formation of a curd, a gel being transparent while a 
curd is opaque. One and the same sol under certain conditions 
sets to a gel, and under other conditions solidifies to a curd. For 
instance, a sol of 0.6N sodium oleate, when slowly cooled between 
25° and 6°, forms a transparent gel which on prolonged standing 
(e.g., after two days) changes into a curdy mass. Immediate 
cooling below 6° produces a curd at once. The change from sol to 
gel occurs, strange to say, without any alteration of conductivity, 
whereas the formation of a curd takes place with increase of con- 
ductance. Ultramicroscopically, both sol and gel are void, while 
the curd contains long threads or needles. Evidently the gel is 
composed of hydrated micells which occupy haphazard positions, 
while the curd particles arrange themselves in the form of elongated 
crystals in the same manner as the particles of an aged V2Os sol. 
In fact, the intermicellar liquid of a curd is in reality a saturated 
true solution, and curd formation is, therefore, simply crystalliza- 
tion from a supersaturated solution. This is, furthermore, in line 
with the fact that the solubility of soaps decreases strongly when 
the temperature is lowered. 

The cleansing action of soaps has, in the past, been ascribed 
most frequently to the hydrolytically separated alkali. CHEVREUL 
explained the soap action as a separation of the fats under the 
influence of the free alkali, but this concept is entirely inadequate 
and could never account for the removal of substances other than 
fats. In later years, especially since the work of Sprina,!® the 
cleansing is explained by assuming that any dirt that may be 
present is emulsified by capillary action of the soap and thus 
transferred from the object to be cleansed to the soap solution. 
In the light of the boundary theories discussed on pages 41, 92 
and 192, this line of reasoning is quite plausible. 


87. Emulsions.—By emulsions we usually mean systems in 
_ which one liquid is dispersed in another, In recent years these 
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systems have attracted a great deal of attention, and CLayTon !” 
has written a very readable résumé on emulsions. Little is known, 
however, concerning the stability of these systems, as will be 
pointed out below. 

We possess a fairly good knowledge of systems in which oil is 
finely dispersed in water. Generally speaking, such a system is 
unstable unless the oil is present in small concentration only. In 
this case, according to the theory of von SmoLucHowskKI (cf. p. 
109), the oil particles coalesce very slowly. In order to obtain a 
stable emulsion, it is necessary to add a stabilizing agent, which, 
for obvious reasons, is often called an emulsifier. Alkali soaps are 
particularly well adapted for this purpose. We have met such 
emulsions fepeatedly in preceding chapters (cf. pp. 60, 66 and 82). 
It may be remembered that the investigations of Donnan,!® 
Exuis,!9 Powis,2? and others have shown these oil-in-water 
emulsions to be suspensoid in character, since their stability is 
governed exclusively by the electric charge. The mechanism of 
these systems is, therefore, fairly well known to us. 

On the other hand, there are emulsions of a totally different 
type: Instead of dispersing oil, as dispersed phase, in water as 
dispersion medium, we are able to do the reverse, viz., disperse 
water in oil. In this case the water is present in droplets dis- 
tributed in a continuous oil phase. The word ‘‘oil” is used here’ 
in a general sense, indicating any organic liquid that does not mix 
freely with water. 

It is of prime importance to know how a water-in-oil system 
may be distinguished from an oil-in-water system. Fig. 113 
represents both systems schematically, the shaded portion indicat- 
ing the oil phase. One method consists in adding a few grains of 
a dye, soluble in oil but not in water, for instance, sudan III. An 
oil-in-water system is not colored because the dye cannot reach 
the oil, whereas a water-in-oil system readily takes on the color of 
the dye. 

Another way is the following: A drop of the emulsion is placed 
on a glass slide next to a drop of water. When contact is established 
between the two drops there will be coalescence in case we are 
dealing with an oil-in-water system; conversely, a water-in-oil 
system will coalesce with oil but not with water. The microscope 
readily reveals the difference. 

A third method is furnished by the measurement of the electrical 
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conductance. Whenever water is the dispersion medium the 
conductivity will be fairly good on account of the presence of 
electrolytes in the water. With oil as dispersing phase the con- 
ductance will be extremely small, 


Oil in Water Water in Oil 
Fie. 113. 


In the early days it was thought that it was entirely a matter 
of the ratio between the constituent phases, whether an oil-in- 
water or a water-in-oil emulsion was obtained. Suppose that all 
the drops of the emulsion just touch each other. Then we know, 
‘from the theory of piled spherical balls, that at most only 74 
per cent of the total volume can be occupied by the spheres, 
provided they are all of the same size and are incompressible. 
Wa. Ostwatp ”! first postulated that both emulsions would be 
capable of existence, depending on whether the ratio of the two 
phases is above or below 0.74. PickErina,?? however, showed 
experimentally that this hypothesis was untenable, since he could . 
make emulsions in which the dispersion medium occupied only 
1 per cent of the total volume. Evidently the drops are then 
compressed so that the dispersing phase forms only thin films 
between them. Later investigations have made it clear that the 
amount of the phase plays a subordinate part, while the determin- 
ing factor which governs the type of emulsion is the added emulsi- 
fier. Experiments of CLowss 7° and Buatnacar 74 have shown 
that, in general, alkali soaps produce oil-in-water systems, while 
the soaps of the alkaline earth metals, Fe, Al, and Zn, favor the 
formation of water-in-oil emulsions. For example, if a system 
consisting of equal volumes of water and oil is stabilized by means 
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of a sodium soap, the first effect of adding barium chloride is to 
destroy the stability. When the amounts of sodium soap and 
barium chloride have become equivalent and a barium soap has 
been produced, the system is extremely labile. The addition of 
more than an equivalent quantity of barium chloride reverses the 
system and a water-in-oil emulsion is formed. 

These water-in-oil systems are, as a rule, very viscous or, to 
express it more correctly, plastic. They form paste-like masses, 
somewhat in the nature of butter or margarin. 

It is exceedingly difficult to-give an interpretation of these 
phenomena. CuiayTon’s book,!” quoted above, may be consulted 
regarding the many attempts that have been made in this direction. 
Obviouslyy one might look for an explanation in the direction of 
changed surface tensions, and the modern theories of LANGMUIR 
and Harkins, discussed in Sec. 11, may help out to some extent. 
However, they cannot at present explain why the curvature of 
the interface becomes convex for one phase and concave for the 
other, viz., why one phase remains continuous while the second 
distributes itself in the form of drops. The fact that the boundary 
tension between the two phases is more or less lowered cannot in 
itself be regarded as an explanation for the peculiar behavior of the 
emulsifying system. 

- HILDEBRAND and his co-workers 25 have made a successful 
attempt to solve this cardinal problem by means of the so-called 
_wedge theory of emulsification. They postulate that the shape 
of the sodium soap molecule can 
be represented by the sketch —=—Wwater——— ————— 


stand for sodium atoms and the —, Gene 
long straight bands indicate the ms 
fatty acid radicals. Peptization LV 
takes place in such a manner Oe TT chain 
that the hydrocarbon chain points 
toward the oil and the dissociating 
sodium atom toward the water. 
In the figure it is assumed that the sodium atom is broader than 
the hydrocarbon chain. Hence, whenever a molecular layer of 
closest packing is formed, it must give rise to the formation of an 
oil drop. On the other hand, if we peptize with a zinc soap having 
two hydrocarbon chains per atom of metal, the authors imagine 
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that the acid radicals are attached to the zinc in the shape of a 
wedge, as is depicted in Fig. 115. The broad side of the peptizing 
= — molecule is now located nearest 
Ss ee to the oil, and as a result the 
system will tend to produce 
water drops. HinpEBRAND and 
his co-workers founda con- 
firmation of their hypothesisin 
the behavior of various alkali 
ivan alba soaps, which appears to be 
dependent on the size of the 
alkali atom. Since the atomic volume of sodium is smaller 
than that of potassium and this in turn smaller than that of 
caesium, the difference must exert its effect on the closest 
packing. 

A general objection to all theories based on the assumption of 
monomolecular layers is that solid substances which are present 
in the system may function as excellent emulsifiers. An example 
is furnished by soot, with which, in some cases, very good emul- 
sions have been obtained. Since these soot particles are, no doubt, 
located in the boundary layer of the emulsified drops, it is evident 
that polymolecular bodies 
also make good emulsify- 
ing agents. HILDEBRAND ees 
AcCcCOUMUS LOL hes peha Ol ===... ——— 
of these solids by taking 
into consideration theangle 
of contact of the liquid 
with the solid emulsifier. 
Fig. 116 shows that the Fic. 116. 
liquid with the smaller 
angle of contact will become the internal phase while the liquid 
having the larger angle of contact readily forms the external 
phase. 

Bancrort 7° has formulated the rule that, of two liquids, the 
one that dissolves the emulsifier better always becomes the external 
phase. Although this is undoubtedly true in numerous cases, the 
rule is not of universal application. It satisfies the systems 
mentioned to the extent that alkali soaps are quite soluble in 
water while alkaline earth soaps are insoluble in this medium but 
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readily dissolve in the oil phase. On the other hand, however, 
oleic acid is insoluble in water and soluble in amyl alcohol, yet it 
forms oil-in-water systems. 

Our knowledge of emulsions is, therefore, as yet far from com- 
plete, and it is to be regretted that the phenomena of electric 
charge in these systems have been comparatively little studied. 
The prominent part which the electric charge plays in colloid 
chemistry has been pointed out repeatedly, and important results 
may be expected from future studies in this domain. Experiments 
on the electric charge of water drops dispersed in oil are, however, 
exceedingly difficult, and progress is retarded by the limited infor- 
mation available on colloidal systems with an externai liquid other 
than water. 

Another difficulty which complicates the study of emulsifica- 
tion is the vagueness of the term “‘stable emulsion.”” Between the 
extreme cases of ready formation of emulsions and non-emulsifi- 
cation, we find gradations of greater or lesser stability. Further- 
more, we do well to divide the problem of the formation of a stable 
emulsion into two parts. There are two requisite conditions to be 
fulfilled: (1) one of the liquids must be finely divided; and (2) the 
droplets formed must be sufficiently stabilized to keep them from 
coalescing. The first part of this problem plays, in general, no rdéle 
in the discussion of suspensoids, since the existence of discrete pri- 
mary particles is an essential prerequisite and the preparation of 
suspensoids, insofar as it necessitates a dispersion method (cf. p. 
156), merely involves a peptization process. In the case of emulsions 
the subdivision of the previously continuous phase may be brought 
about by such minute mechanical force that a second factor must 
be taken into consideration in the preparation. Future research 
will no doubt clarify our knowledge of these problems which, for 
technical reasons, have attracted considerable attention. 

88. Flocculation by Several Electrolytes.—The limiting values 
for a single electrolyte were discussed at length in Chapter IV. 
In order not to interrupt the course of the argument, the author 
omitted the complication which is introduced by the simultaneous 
addition of several electrolytes. This matter has been much 
studied in recent years,?” mostly with the intention of obtaining 
a better insight into the peculiar antagonistic action which some 
cations exert on each other physiologically. Whether the study 
of flocculation values can really settle this point is a debatable 
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question; hence, the matter will be discussed exclusively from the 
colloid-chemical point of view. If the flocculation value of a 
given sol amounts to 100 millimoles per liter, with potassium 
chloride as a precipitating agent, the total concentration of a mix- 
ture of potassium chloride and sodium chloride will likewise attain 
the value of 100 millimoles at the limiting concentration. In case 
the flocculating ions are not as closely related as the potassium 
and sodium ion, the limiting value for the mixture cannot be 
computed additively. It is quite remarkable to note that the 
addition of a second salt does not lower the flocculation value of 
the other salt, but, on the contrary, raises it. Representing the 
flocculating values of each of the salts, used separately, by 100, 
we notice, from the data given in Table XXXII, that the limiting 
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AsSz sol HgS sol HgS sol 
LiCl mec, {Reet rec, . ‘1 MgCl: 
0 100 0 100 0 100 
25 138 12.5 180 33 130 
50 156 20 190 66 60 
72 180 25 200 100 0 
100 0 44 230 
62 60 
100 0 
Hg sol Hg sol Se sol 
se MgCl KCl MgCl. = MeCl. 
0 100 0 100 0 100 
16 110 16 110 8 112 
33 . 120 33 120 16 116 
100 0 100 0 25 122 
33° 122 
50 100 
100 0 
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values of mixtures often exceed 100. The two salts, therefore, do 
not codperate, but, in a way, interfere with each other’s flocculat- 
ing activities. Whereas the AseSs3 sol is flocculated by 0.8 milli- 
mole of MgCle per liter (= 100 in the table), 1.25 millimoles of 
MgCl (corresponding to the comparative value 156) will be 
required after the previous addition of half the flocculation value 
for LiCl. 

From the examples quoted in Table XXXII it appears, there 
fore, that whenever lithium chloride is first added considerably 
more than the amount demanded by the rule of mixtures is neces- 
sary to discharge the sol to its critical potential. This justifies 
the surmise that the addition of the first salt has raised the poten- 
tial. As*a matter of fact, we met, on page 82, with cases where 
the boundary potential was increased by salt addition. The same 
is evidently true for the salts mentioned in Table XXXII. Special 
investigations on cataphoresis of these sols have confirmed this 
assumption.?® Another point which strikes us in looking over the 
figures in the table is that ions that greatly increase the charge are 
highly suitable for raising negative charges, as, for instance, 
SO4-- and Fe(CN)6———~. 

The problem of flocculation by means of mixtures of electro- 
lytes is, therefore, reduced to the following: Whenever a salt 
raises the charge, its addition will also raise the flocculation value 
of a second salt. This leads to another question: Why does the 
first salt raise the charge? This matter has been previously dis- 
cussed. One is inclined to say that in such a case the anions are 
adsorbed more strongly than the cations. The chlorine ion, for 
instance, might be adsorbed more strongly than the potassium ion, 
and even to a greater extent than the lithium ion, which in turn 
suggests a connection with the lyotropic series. Since it is diffi- 
cult, in cases where displacement adsorption plays a prominent 
part, to secure experimental evidence on the manner of adsorp- 
tion, we must, for the present, confine ourselves to the statement of 
the interrelation of elevation in charge and increase of limiting value. 

89. Photo-colloid Chemistry—Comparatively little is known 
with regard to the effect of light and other radiations on colloidal 
systems. Mention should be made of the work of Frernavu and 
Pautt °° on the effect of B- and y-rays on the sol of CeOe and of an 
investigation by FREUNDLICH and NATHANSON 7° on the influence 
of light on the AseS3 sol. 
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We are, of course, better acquainted with the influence of 
light on the photographic plate?! The so-called photographic 
emulsion: (the word emulsion naturally has a different meaning 
here from the one given to it in Sec. 87 of this chapter) consists of a 
silver halide dispersed in a gelatin gel. Any kind of silver halide 
may be employed, such as AgCl in diapositives or AgBr and AglI 
mixtures in plates and films. One may prepare these emulsions 
by pouring into the same container dilute solutions of silver nitrate 
and alkali halide in the presence of gelatin, and allowing the whole 
to set. Colloidal silver halide is formed, ‘but in such a high state 
of dispersion that the reactivity of the emulsion is exceedingly 
slow. In order to produce rapid plates, a process of ripening is 
applied whereby small grains grow to larger ones. We are, as yet, 
not certain whether this grain growth is the cause of the rapid 
action, or an incidental side reaction. The grain growth is essen- 
tially a recrystallization process. 

The exposure of the photographic plate to light results in the 
formation of the so-called latent image and corresponds to a reduc- 
tion of the silver halide particles. For a long time it has been 
doubtful whether there occurs a reduction to a subhalide or to 
metallic silver. Modern investigations, however, have shown 
that the exposed plate contains silver halide grains in which minute 
nuclei of silver are produced. When the plate is developed, only 
those silver halide particles are reduced to silver that already 
contain a tiny silver nucleus in the latent image. The researches 
of SvepBmrG * have brought out that the course of the process is 
really as follows: One silver nucleus in a grain of silver bromide 
makes the whole grain suitable for subsequent developing, whereas 
a grain without a nucleus remains unchanged unless it is in close 
contact with another grain containing such a center.?? The 
exposed plate represents, therefore, a peculiarly complicated col- 
loidal system, viz., a gelatin gel with dispersed silver bromide 
grains, part of the latter containing one or more silver nuclei. 

In recent years a new question has cropped up: By what 
mechanism does the light produce the silver nuclei? While in 
the past the action of the incident light was measured by the degree 
of blackening of the plate, we have been enabled in recent years, 
by using plates with a single layer of silver halide grains, to count 
the number of grains attacked by a definite quantity of radiation. 
SvepBerG ** found that by using a-rays (i.e., charged helium 
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atoms) each grain hit by an a-particle is made fit for subsequent 
development. With 8-rays or ordinary light, as a source of radia- 
tion, we do not know whether each quantum of light plays the 
same part as an a-particle. On the contrary, various investigators 
have pointed out that no confirmation of the theory of light quanta 
can be looked for in this direction. Some experiments of CLARK °° 
have even indicated that a solution of sodium arsenite exerts 
exactly the same effect as light. 

Consequently, there is, as yet, nothing certain about the 
mechanism of the separation of the silver nucleus from the silver 
halide. What interests us in particular is why certain parts of the 
erain are better adapted for nucleus formation than other parts. 
The impréssion is gained that specific points in the photographic 
emulsion are favored because of the presence at those spots of 
- catalysts which pave the way for the appearance of the silver 
nuclei of the latent image. Recently, SHmpparp °° showed that 
gelatin actually contains decomposition products which highly 
favor the sensitiveness of the emulsion. It is probable that these 
catalysts are located at certain points of the grain and that herein 
lies the explanation of the local predisposition of the grain. The 
problem of the photographic emulsion is, however, in its first 
stage, and the fact that we are dealing with a rather complicated 
system of dispersed particles means that colloid chemistry will 
without doubt be called upon to furnish the clue to the solution. 
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